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ABSTRACT
THE INTERACTIONS OF CHANGE IN NUTRITON PRIOR TO AND AFTER
ARTIFICIAL INSEMINATION ON PLASMA METABOLITES, STEROID
HORMONES, AND UTERINE HISTOTROPH IN BEEF HEIFERS
TAYLOR N. ANDREWS
2021
The management of heifers can have lifetime effects on their reproductive success
and efficiency. Nutrition is one of the management factors that can influence steroid
hormone production, oocyte development, embryo development, and uterine histotroph,
thus affecting heifers’ reproductive efficiency. Therefore, the objectives of the following
studies were to evaluate the impact of nutritional changes prior to and after Artificial
Insemination (AI) on plasma cholesterol concentrations, and uterine mineral
concentrations (Chapter 2) and the impact of nutritional change after AI on uterine
mineral concentrations, steroid hormone production, and circulating metabolites (Chapter
3). In experiment 1 (Chapter 2), beef heifers (n = 79) were randomly assigned to two
treatment groups of High (162% of NEm) and Low (90% of NEm) diets for 30 days prior
to AI. Heifers were then randomly re-assigned at time of AI to new treatments of High
(148% of NEm) and Low (81% of NEm) diets, therefore creating four Pre- by Post-AI
treatments: High-High (H-H; n = 20), High-Low (H-L; n = 20), Low-Low (L-L; n = 20),
and Low-High (L-H; n = 19). Post-AI diet continued for 7 or 8 days until uteri were
flushed for embryo recovery. Blood samples were collected on d -3, -2, -1, 0 (day of AI),
1, 3, 5, 7, and 8 for analysis of circulating cholesterol concentrations using a colorimetric
assay. Minerals (Mg, Al, P, S, K, Ca, Cu, Zn, Se, and Fe) were analyzed in uterine
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flushes collected on day of embryo recovery (d 7 or 8) using ICP-MS. Plasma cholesterol
concentrations were analyzed using repeated measures using MIXED procedures in SAS.
Uterine mineral concentrations were analyzed using MIXED procedures in SAS.
Cholesterol concentrations were influenced by time (P < 0.0001) with concentrations
increasing after estrus until d 5, concentrations than decreased to d 7 and 8. Pre-AI by
Post-AI diet interaction tended to impact cholesterol concentrations (P = 0.10). There was
an effect of embryo recovery on Mg (P < 0.04), Al (P < 0.01), S (P < 0.01), K (P < 0.01),
and Ca (P < 0.01), with decreased mineral concentrations when an embryo was
recovered. Pre-AI diet did not influence uterine mineral concentrations (P > 0.10);
however, Post-AI diet influenced S (P < 0.02) and Ca (P = 0.03). High heifers had
elevated S and Ca concentrations in comparison to Low heifers. Pre-AI diet by embryo
recovery interaction impacted S concentrations. Post-AI diet by embryo interaction
influenced P (P < 0.03), Zn (P = 0.02), and Se (P = 0.02). Pre-AI by Post-AI diet by
embryo interaction influenced uterine Mg concentrations (P < 0.05). There was an overall
tendency for a Pre-AI by Post-AI diet by embryo recovery interaction on S (P = 0.09), Cu
(P = 0.07), and Fe (P = 0.09). In experiment 2 (Chapter 3), heifers (n = 50) were assigned
randomly to two treatments groups of High (161.5% of NEm) or Low (77.5% of NEm)
diets following AI until uteri were flushed for embryo recovery 14 days after AI. Blood
samples were collected on d -3, 0 (AI), 3, 6, 9, 12, and 14. Heifer weights and uterine
mineral concentrations were analyzed using MIXED procedure in SAS. Circulating
concentrations of progesterone (P4), non-esterified Fatty Acids (NEFA), glucose, protein,
and cholesterol were analyzed as repeated measures using the MIXED procedure of SAS.
Dietary treatment impacted NEFA concentrations (P < 0.01), with Low heifers having
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elevated NEFA concentrations in comparison to High heifers. Diet treatment by time
interaction influenced NEFA concentrations (P < 0.01) with concentrations increasing in
Low heifers but remaining relatively constant in High heifers. Embryo by time
interaction impacted glucose concentrations (P < 0.02): heifers with an embryo recovered
had elevated glucose concentrations beginning on d 3 in comparison to heifers with no
embryo recovered. Protein concentrations tended to be influenced by diet treatment by
time interaction (P = 0.07). Cholesterol concentrations were affected by diet by time
interaction (P < 0.01), with Low heifers having elevated cholesterol concentrations
beginning on d 3 in comparison to High heifers. Diet treatment by embryo recovery by
time tended to influence P4 concentrations (P < 0.06), with High heifers with no embryo
having the greatest P4 concentration on d 12. Uterine Mg (P = 0.02), S (P = 0.01), and Ca
(P = 0.08) concentrations decreased when an embryo was recovered. Uterine Mn (P =
0.06) concentrations increased when an embryo was recovered. Dietary treatment tended
to effect Fe concentrations (P = 0.09), with High heifers having elevated Fe
concentrations compared to Low heifers. In conclusion, changing the nutrient status prior
to and after AI did not impact plasma cholesterol concentrations; however, nutritional
changes after AI influenced circulating NEFA, cholesterol, glucose, and protein
concentrations. Additionally, when an embryo was recovered uterine mineral
concentrations were affected.
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CHAPTER 1
LITERATURE REVIEW
INTRODUCTION
In the beef industry, $500 million is lost annually due to reproductive failures
(Bellows et al., 2002). With 5.1 million heifers entering the U.S. cow herd annually, a
large proportion of beef herds are developing heifers annually (Williams et al., 2018).
Multiple factors can influence the development of heifers such as genetics, environment,
and nutrition. Nutrition of beef cattle is extremely important due to how nutrients are
partitioned. Short and Adams (1988) explained nutrient utilization as follows: basal
metabolism, activity, growth, energy reserves, maintenance of pregnancy, lactation,
additional energy reserves, estrous cycles, initiation of pregnancy, and excess reserves.
Reproduction being the last system to receive nutrients showcases the crucial, but
necessary inter-relationship between reproduction and nutrition. Initiation of pregnancy
includes regulating the uterine environment and the nutrients available for early embryo
development. Thus, embryonic mortality can be the results of disease, genetic defects,
and/or nutrition to the dam and/or embryo (Bridges et al., 2012). Maternal nutrition can
also have detrimental effects on the embryo even before fertilization occurs by impacting
follicular development and oocyte competence (Bergfeld et al., 1994; Ashworth et al.,
2009). Therefore, maternal nutrition can impact reproductive efficiency through oocyte
competence, embryo development, and uterine environment.
The purpose of this review will be to discuss the relationship between nutrition
and reproduction, including: the bovine estrous cycle, uterine environment, embryonic
development, and other nutritional impacts on reproduction. In addition, the impacts of
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minerals on reproduction, nutritional management strategies in heifer development, and
the relationship between cholesterol and steroidal hormones will be discussed.

IMPORTANCE OF NUTRITION FOR HEIFER DEVELOPMENT

Heifers are an integral sector of the beef cow herd. Annually approximately 5.1
million heifers enter the cow herd which represents 17% of the total beef cow population
(Williams et al., 2018). Due to heifers representing a large proportion of the cow herd,
the nutritional needs in heifer development are critical for reproductive success. In order
for heifers to be reproductively efficient they must calve by 24 months of age (Patterson
et al., 1991). Cushman et al. (2013) reported heifers that calve in the first 21 days of
calving season remained in the herd longer and their calves had increased weaning
weights compared to their contemporaries that calved later. Heifers having a longer
lifespan in the herd is beneficial to the profitability of a herd, since a cow needs to raise
three to five calves before they pay off developmental costs (Clark et al., 2005). Heifer’s
nutritional status during development can impact her pregnancy success therefore
affecting her longevity and reproductive efficiency in the herd.
The period from weaning to the breeding season is crucial since most heifers
should achieve puberty during this period. Typically after weaning, heifers are moved to
a confined feeding system known as a dry-lot in order to meet nutritional demands (Olson
et al., 1992). Heifers fed a high energy diet had increased body weight and reduced age at
which puberty was achieved (Patterson et al., 1991). Short and Bellows (1971) also
reported an increase in age at puberty when heifers were fed a low energy diet. Freetly et
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al. (2011) reported heifers need to reach 55-58% of their mature body weight to reach
puberty; however, heifers need to reach approximately 65% of their mature body weight
at the beginning of the breeding season in order to begin cyclicity approximately 2 to 3
months prior to the breeding season (Wiltbank et al., 1985; Patterson et al., 1991). The
cyclicity prior to the breeding season leads to increased conception rates compared to
heifers that didn’t begin cyclicity prior to the breeding season (Wiltbank et al., 1985;
Patterson et al., 1991). In contrast Funston and Larson (2011) reported that heifers
developed to 56% of their mature body weight at the beginning of the breeding season
began cycling 2 to 3 months prior to the breeding season; however, artificial insemination
(AI) conception rates tended to be reduced but no difference in breeding season
pregnancy rates was detected. Heifer developmental cost was reduced by $45 per animals
when heifers were developed to 56% instead of 65% of mature body weight at the start of
the breeding season (Funston and Larson, 2011). However, heifers developed to a lighter
weight at the start of the breeding season still need to achieve 85% of mature body weight
by calving as 2-year-olds. Post weaning management is critical in heifer development
since puberty is achieved during this period. Heifer’s reproductive efficiency can be
hindered from low energy diets, potentially increasing the age at which puberty is
achieved, and energy consumed during and after breeding can have crucial impacts on
pregnancy.
Grazing is a learned behavior that typically occurs around the age of weaning
(Provenza and Balph, 1987). Due to heifers typically being transitioned to dry-lots around
weaning, many of them to need to re-learn how to graze after being placed on pasture for
breeding season. Olson et al. (1992) reported heifers that continued to or experienced
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grazing prior to the breeding season retained their grazing skills. Heifers developed in
dry-lot scenarios lost their grazing skills hence spent more time foraging initially (Osuji,
1974). Perry et al. (2013) reported heifers raised in dry-lots experienced reduced average
daily gain when transitioned to grazing forage after AI breeding. Heifers raised in drylots also had increased activity levels when transitioned to pastures compared to
contemporaries that had prior experience grazing forage (Perry et al., 2015). This
increase in activity level and decrease in average daily gain immediately following
pasture turnout, potentially decreases energy intake therefore impacting pregnancy
success. Perry et al. (2013) reported reduced pregnancy rates in dry-lots heifers
transitioned to grazing compared to heifers that had prior grazing experience.
Weights and body condition scores can also impact pregnancy success. Heifers
fed a low energy diet conceived later in the breeding season and had reduced pregnancy
rates and increased embryonic mortality (Short and Bellows, 1971). A review by
Patterson et al. (1992) stated that overnutrition can also hinder reproductive efficiency
and increase dystocia and lower lifespan in the herd (Arnett et al., 1971). Cassady et al.
(2009) reported heifers with increased body condition scores (BCS) of seven remained
cycling longer than heifers with a lesser BCS of five during times of nutrient restriction,
however the greater BCS of seven required more energy in order to initiate cyclicity
again after a period of anestrous. Thus, heifer development can affect a heifer’s body
weight and BCS. All these factors can impact not only reproductive efficiency in heifers,
but also herd efficiency. Management during development can impact age at puberty and
overall pregnancy success. Thus, reproductive success in a beef herd requires proper
nutritional management of heifers during the development period.
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BOVINE ESTROUS CYCLE

Normal estrous cycles are initiated when heifers reach puberty, and puberty
typically occurs in beef heifers between six to twelve months of age (Forde et al., 2011).
At the onset of puberty females begin a cyclical pattern of ovarian activity (Rajakoski,
1960; Forde et al., 2011). The estrous cycle in beef females is tightly regulated through
endocrine mechanisms and usually the estrous cycle ranges from 18 to 24 days in length
(Asdell, 1955; Forde et al., 2011). The estrous cycle in beef females can be separated into
two different phases: follicular and luteal phases.
In beef heifers, the follicular phase is comprised of two or three follicular waves
(Rajakoski, 1960). Each wave begins with recruitment, when a group of small follicles
from the pool of growing follicles responds to follicle stimulating hormone (FSH) and
begins further growth. Dominant follicles emerge from the cohort of recruited follicles
(Forde et al., 2011), and transition from being dependent on FSH to luteinizing hormone
[LH: (Adams, 1999)]. As the dominant follicle grows it produces increased
concentrations of estradiol [E2: (Fortune and Quirk, 1988; Sunderland et al., 1994)]. With
increasing concentrations of E2 produced from the dominant follicle, positive feedback
occurs to increase the frequency of pulses of gonadotropin releasing hormone (GnRH)
from the hypothalamus causing the anterior pituitary to release increasing concentrations
of LH resulting in a LH surge (Chenault et al., 1975). The preovulatory LH surge leads to
the ovulation of the dominant follicle (Sunderland et al., 1994).
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Behavioral estrus occurs during the follicular phase of the bovine estrous cycle.
Estrus is when the female is in a reproductively receptive state. Estrus occurs when
progesterone (P4) is absent and E2 concentrations reach a threshold (Allrich, 1994). Estrus
has a duration of 12 to 16 hours (Allrich, 1994), and ovulation occurs approximately 10
to 14 hours after the end of estrus, therefore beginning the transition into the luteal phase
(Forde et al., 2011).
The luteal phase begins in bovine females once ovulation is complete. After
ovulation, a corpus luteum (CL) is formed where the dominant follicle was previously
located on the ovary. The CL is comprised of luteal cells, which are derived from the
granulosa and theca cells of the dominant follicle (Alila and Hansel, 1984). The CL
produces P4 which decreases GnRH pulse frequencies, decreases E2 concentrations
inhibiting a preovulatory LH surge from occurring (Nett et al., 2002), and is also essential
to maintain pregnancy (McDonald et al., 1952).

Role of Nutrition on the Interval to Estrus and Anestrus
Nutrient consumption below requirements has the potential to impact interval to
estrus. When goat does were fed 25% maintenance energy diet prior to and after mating,
interval after prostaglandin to the onset of estrus was increased and ovulation rates were
decreased compared to goat does fed 100% maintenance energy diets (Mani et al., 1992).
Also, goat does exhibited decreased estrus expression when fed a restricted diet [0.27 MJ
ME kg-1 W0.75: (Kusina et al., 2001)]. In cattle, heifers fed a restricted diet (to lose 1% of
bodyweight per week) had reduced follicular growth rates and decreased diameter of
dominant follicles compared to heifers fed to maintain their body condition score (Bossis
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et al., 1999). This decreased growth rate could result in follicles secreting reduced
concentrations of E2 and lengthening the interval to estrus (Mackey et al., 1999).

EARLY EMBRYONIC DEVELOPMENT

Fertilization
Sperm that are deposited in the vaginal cavity of the female reproductive tract are
recognized as foreign objects and the female’s reproductive tract releases neutrophils that
can engulf and kill the sperm (Senger, 2012). Surviving sperm must travel through the
cervix and up the reproductive tract to the site of fertilization (Yanagimachi, 1994). This
transport is aided by myometrium contractions under high E2 concentrations (Senger,
2012). Sperm must then undergo capacitation in order to be able to fertilize an oocyte
(Fraser, 1998). Capacitation is when sperm lose proteins from the sperm surface and
acquire other energy substrates (Ca2+, serum albumin, pyruvate, and glucose) from the
female reproductive tract (Fraser, 1992). Thus, uterine histotroph can impact
capacitation; additionally, there needs to be free calcium (Ca2+), sodium (Na+), and
potassium (K+) in the uterine lumen for sperm to undergo capacitation (Fraser, 1992).
Following capacitation, sperm undergo hyperactivation which allows sperm to traverse
the oviduct (DeMott and Suarez, 1992). In the oviduct, sperm bind to the oocyte’s zona
pellucida (Senger, 2012). The zona pellucida (ZP) is a thick, transparent coat that
surrounds the oocyte and it has multiple glycoproteins [ZP1, ZP2, and ZP3: (Wassarman,
1988)]. These zona pellucida glycoproteins have multiple functions such as structural
integrity (ZP1 and ZP2) and sperm binding [ZP3; (Wassarman, 1988)]. Sperm binding
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occurs is a step-wise methodology, first sperm bind to the primary zona binding region
on the zona pellucida, and then bind to a second site known as acrosome reaction
promoting ligand and will promote the acrosome reaction (Myles, 1993). During the
acrosome reaction, various fusions occur between the outer acrosomal membrane and the
overlying plasma membrane, allowing acrosome contents to be released (Yanagimachi,
1994). The acrosome reaction is necessary in order for sperm to break through the zona
pellucida; it is hypothesized that hyaluronic acid from the acrosome assists in breaking
down the cumulus cells (Yanagimachi, 1994). Once the sperm passes through the zona
pellucida, it quickly passes through the perivitelline space (Brackett et al., 1980). Then
sperm bind to the oocyte plasma membrane and is incorporated into the oocyte cytoplasm
(Yanagimachi, 1994). Following membrane fusion, cortical granules move to the outside
of the oocyte cytoplasm and are secreted to the perivitelline space known as the cortical
reaction (Yanagimachi, 1994). The cortical reaction plays a role in the zona and vitelline
block which prevent polyspermy (Wolf, 1981). Also, once the sperm nucleus enters the
oocyte’s cytoplasm it becomes a male pronucleus. Then the male and female pronuclei
fuse together, in a process known as syngamy, therefore concluding fertilization (Senger,
2012).

Embryo Development
Following fertilization in the oviduct, the zygote enters a phase of rapid growth
and expansion. Approximately 24 to 28 hours after ovulation, the zygote begins its first
cleavage into two blastomeres (Thibault et al., 1966; Betteridge and Flechon, 1988). The
second division of cells begins approximately two days after fertilization resulting in a
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four-cell embryo (Massip et al., 1983; Betteridge and Flechon, 1988). During this second
cleavage blastomeres divide asynchronously and begin contributing to the inner cell mass
[ICM; (Betteridge and Flechon, 1988)]. An eight-cell embryo is prominent after the third
cleavage cycle, and an embryo at this stage has cells that are unequal in size (Massip et
al., 1983). It is hypothesized that larger cells form into the outside cells or the
trophectoderm while the smaller cells form into the inner cells or the ICM (Denker, 1981;
Betteridge and Flechon, 1988). Around five days post fertilization embryos further
expand to a sixteen-cell embryo or a morula (Betteridge and Flechon, 1988). A morula
stage embryo consist of individual blastomeres that form a compact mass and take up
approximately 60% of the perivitelline space (Lindner and Wright, 1983). During the
early morula stage of embryo growth, compaction occurs; leading to the formation of the
blastocoele, a fluid filled cavity (Skrecz and Karasiewicz, 1987; Betteridge and Flechon,
1988). Then a blastocyst will appear approximately six to eight days post fertilization
(Lindner and Wright, 1983). An embryo in the blastocyst stage has a blastocoele that is
prominent and the inner cell mass and trophoblast are distinguishable (Lindner and
Wright, 1983). A blastocyst is comprised of approximately 100 cells and is still enclosed
by the zona pellucida (Hamilton and Laing, 1946; Mannaerts, 1986; Betteridge and
Flechon, 1988). Around eight days after fertilization an expanded blastocyst is prominent
(Lindner and Wright, 1983). The diameter of the embryo increases dramatically and the
zona pellucida is thinned during the expanded blastocyst stage (Lindner and Wright,
1983).
Following the expanded blastocyst stage, the embryo will hatch, approximately
nine to ten days post fertilization (Lindner and Wright, 1983). Common features of a
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hatched blastocyst include absence of the zona pellucida and being spherical in shape
(Lindner and Wright, 1983). It is assumed that in bovine, the zona pellucida is shed
without any enzymatic mechanisms due to the fact that an empty zona pellucida can be
found in the uterus, however, there has been recent evidence that bovine embryos initiate
plasminogen indicating a possible enzymatic mechanism (Menino and Williams, 1987;
Betteridge and Flechon, 1988). After hatching the embryo grows and develops at a rapid
pace, it has been found that there is a positive correlation between the number of cells the
embryo has and the diameter of the embryo (Renard et al., 1978; Betteridge and Flechon,
1988). The embryo begins to re-expand approximately eleven days after fertilization.
During this re-expansion the inner cell mass begins to bulge and around day 12 after
fertilization the embryonic disc is no longer covered by the trophectoderm (Betteridge
and Flechon, 1988), and the embryo begins to transform its shape from spherical to ovoid
(Betteridge et al., 1980). Rapid elongation of the embryo typically begins around 12 to 14
days after fertilization, however, this elongation process is dependent on the uterine
environment and uterine factors (Betteridge and Flechon, 1988). During the re-expansion
stage, mesodermal cells begin to spread out which allows the inner cell mass to spread in
between the trophectoderm and endoderm (Winters et al., 1942; Betteridge and Flechon,
1988). As the mesodermal cells continue to separate they eventually become two
different layers, the outer layer will form the chorion and the inner layer will form the
wall of the yolk sac (Flechon, 1978; Betteridge and Flechon, 1988). The space between
the two mesoderm layers forms the coelom and approximately 20 days after fertilization
this space (coelom) becomes the allantois (Betteridge and Flechon, 1988).
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Rapid elongation of the embryo occurs in order for the embryo to be in contact
with as much of the endometrium as possible to prevent prostaglandin secretion [PGF2a;
(Goff, 2002)]. Embryos begin to secrete interferon-t (IFN-t), the maternal recognition of
pregnancy factor, to prevent luteolysis 16 days after fertilization. As the embryo
elongates and grows it secretes greater concentrations of IFN-t indicating that larger
embryos are better equipped to prevent luteolysis (Hansen et al., 1988; Goff, 2002).
Interferon-t and the prevention of PGF2a secretion is crucial in prolonging the CL
lifespan, therefore these secretions are also important for supporting pregnancy. In the
final stages of early embryo development, the embryo attaches to the uterus
approximately 20 days after fertilization (Chavatte-Palmer and Guillomot, 2007).
Embryo development is extremely significant in the establishment of pregnancy;
however, embryo development can be severely impacted by the uterine environment
which will be discussed in the next section.

UTERINE ENVIRONMENT

The uterine environment in females can be impacted by a multitude of factors and
the histotroph, uterine secretions, is crucial for successful embryo development. Prior to
attachment, the embryo receives all of its nutrients from the histotroph and as the embryo
develops, their nutrient requirements change (Ashworth, 1992). Pre-hatched embryos
mainly survive on amino acids, glucose, and ions from the uterine histotroph (Lonergan
and Forde, 2014). Pyruvate is the first substrate choice for d 2 to 4 embryo (Martin, 2000)
and then it transitions to glucose and valine for embryos aged approximately d 3 to 6
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(Lonergan and Forde, 2014). As the embryo ages it becomes more dependent on amino
acids; d 18 embryos require a higher concentration of amino acids compared to d 15
embryos (Groebner et al., 2011). Glycine, proline, and alanine are the main amino acids
required from embryos aged d 15 to d 18 (Groebner et al., 2011).
There are many factors that can affect the uterine environment such as
environmental stress and hormones, however the embryo itself can also alter the uterine
environment. Sponchiado et al. (2019) found increased amino acid concentrations in
uterine luminal fluid from the histotroph in pregnant (pre-hatched embryos) cows
compared to open females. Groebner et al. (2011) also, reported an increase in amino
acid concentrations in uterine lumen fluid in pregnant (post-hatched embryos) heifers
compared to non-pregnant heifers. Similar results have been reported in sheep; Gao et al.
(2009b) reported an increase in certain electrolytes, glucose, and amino acids in the
uterine lumen of pregnant ewes compared to cyclic ewes. In conclusion, the uterine
secretions are being altered in the presence of an embryo to provide the proper nutrients
to the embryo, however the roles of these nutrients in embryo development still need to
be elucidated.
Uterine secretions vary between a pregnant and a non-pregnant female due to the
necessity of a pregnant dam needing to provide proper nutrients to assist in the growth of
the embryo (Gao et al., 2009b). The nutrients in the uterine secretions play different roles
in embryo development. Solute carrier family 2 member 1 (SLC2AI) and solute carrier
family 2 member 4 (SLC2A4) genes were found in the luminal and glandular epithelium
in endometrium tissue of Nelore beef cows with both small and large follicles (11.1 mm
and 12.8 mm) and corpus lutea (14.48 mm and 17.49 mm) thus, providing a glucose
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transporter system in the endometrium that may supply glucose to the embryo (França et
al., 2015). Glucose plays a significant role in oocyte embryo development; ovine
trophectoderm cells cultured with 4 mM of glucose stimulated phosphorylated AKT1
(pAKT1), phosphorylated RPS6K (pRPS6K), and phosphorylated RPS6 (pRPS6) genes
which promote hypertrophy, hyperplasia, and migration of cells (Kim et al., 2011). In
early embryo development, the embryo is exhibiting rapid growth and expansion,
therefore glucose being the primary nutrient is plausible due to glucose transporter genes
promoting hypertrophy and hyperplasia. Also, as the embryo ages it becomes more
dependent on amino acids due to amino acids promoting cell adhesion which is necessary
for embryo attachment (Wang et al., 2016). Wang et al. (2016) reported ovine
trophectoderm cells cultured with arginine (200 µM) and recombinant phosphoprotein 1
(rSPP1; 1 µg/mL) stimulated cell migration and cell adhesion compared to ovine
trophectoderm cells cultured without arginine and rSPP1. The fluctuating nutrients found
in uterine secretions, promote and stimulate the specific growth needed for the embryo,
however steroidal hormones can also influence the histotroph, therefore impacting
embryo development.
It is essential that the age of the embryo matches the uterine environment; if the
age of the embryo is asynchronous to the uterine environment by greater than one day the
survivability of an embryo decreases (Rowson et al., 1972). Estradiol and P4, play a role
in changing the uterine environment due to being able to activate mRNA and protein
synthesis in the uterus. Barnes (1999) reported alterations in uterine secretions in the
early follicular phase when P4 was administered indicating that P4 can advance the
maturation of the endometrium. In ovariectomized ewes, P4 receptors in the uterus
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increased when exogenous E2 was given (Miller et al., 1977). Also, ovariectomized ewes
given E2 and P4 had an increased RNA and protein synthesis in the uterus therefore,
indicating E2 and P4 promote RNA and protein synthesis which provides a more suitable
environment for embryo growth and development (Stone et al., 1978).
In conclusion, multiple factors can influence the uterine histotroph such as
pregnancy, the developmental stage of the embryo, and steroidal hormones. Histotroph
plays a crucial role in embryo development due to providing the embryo with the
adequate nutrients for growth, however the dam’s nutrient status can influence her uterine
histotroph and will be elucidated in subsequent sections.

NUTRITION ON REPRODUCTION

Reid (1960) first reported nutrient partitioning in beef cattle as followed:
maintenance, development, growth, lactation, reproduction, and fattening. Short and
Adams (1988) clarified reproduction rank in the hierarchy of nutrient utilization and
intruded the following order of importance: basal metabolism, activity, growth, energy
reserves, pregnancy, lactation, additional energy reserves, estrous cycles, initiation of
pregnancy, and excess reserves. Since nutrients are allocated to pregnancy and estrous
cycles toward the end of nutrient supply, nutritional consumption is essential to ensure a
female’s reproductive success.
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Role of Nutrition in Gonadotropin Secretion
The estrous cycle in cattle can be shortened or completely halted though
nutritional restrictions. The changes in the estrous cycle could potentially be explained
through the changing of gonadotropin secretion during nutrient restriction. Heifers fed a
restricted (3.7 Mcal NEm; 6.7% crude protein) diet until anestrus occurred had FSH
concentrations that were greater than heifers receiving a maintenance diet [6.7 Mcal
NEm; 12.2% crude protein: (Bossis et al., 1999)]. Also, FSH magnitude is greater during
the period of follicular recruitment in new follicular waves in heifers receiving restricted
(40% of maintenance energy) diets compared to heifers fed 120% and 200% of
maintenance energy (Mackey et al., 2000). Follicle stimulating hormone is not the only
gonadotropin however that is impacted by reduced energy consumption. Luteinizing
hormone concentrations were decreased in heifers fed restricted (to lose 0.8 kg/day) diets
for prolonged periods of time until anestrus was achieved (Rhodes et al., 1996), but
heifers fed a diet restriction (40% maintenance energy) for shorter periods of time (2
weeks), didn’t showcase any changes in LH concentrations (Mackey et al., 2000). Mani
et al. (1996) also found no changes in LH concentrations in does fed a restricted (25%
metabolizable energy and digestible crude protein) diet for eleven weeks. In order for
follicular growth and develop to occur, adequate concentrations of FSH are necessary to
initiate a follicular wave (Adams, 1999) and sufficient LH secretions are needed to allow
the dominant follicle to continue to grow (Adams, 1999) and ovulate (Sunderland et al.,
1994).
Prolonged diet restrictions resulted in bovine females becoming anestrous, halting
cyclicity (Richards et al., 1989). Dominant follicle diameter, LH, and E2 concentrations

16
were all reduced among heifers fed a restricted (to lose 0.8 kg/day) diet to achieve an
anestrous state (Rhodes et al., 1996). Furthermore, dominant follicles could fail to ovulate
due to reduced concentrations of LH and E2 (Rhodes et al., 1996), or another potential
mechanism to explain nutritional anestrous in beef cattle is E2 inhibiting LH surges
(Imakawa et al., 1986). In conclusion, diet restrictions can influence gonadotropin
secretion by altering LH and FSH concentrations therefore, potentially halting cyclicity.

Role of Nutrition on Follicular Development
Decreased plane of nutrition affects a female’s gonadotropin secretion, estrous
cycle, and corpus lutea formation (Villa-Godoy et al., 1990; Rhodes et al., 1996; Kusina
et al., 2001), thereby it is plausible that diets can be impacting follicular development.
Heifers fed a restricted diet (3.7 Mcal NEm; 6.7% crude protein) had decreased follicular
growth rates and smaller ovulatory follicles compared to heifers fed a maintenance diet
[6.7 Mcal NEm; 12.2% crude protein: (Bossis et al., 1999)]. It has been reported that
maximum diameter of dominant follicles was reduced when heifers were placed on all of
the following diets: reduced maintenance energy diets, reduced dry matter intake per day
diet, and diets to cause heifers to lose 0.8 kg/day weight (Murphy et al., 1991; Rhodes et
al., 1996; Mackey et al., 1999). Murphy et al. (1991), reported that the persistence of
dominant follicles was reduced during a ten week period when heifers were fed 0.7% of
their body weight in dry matter intake per day compared to heifers receiving 1.1% or
1.8% of their body weight in dry matter intake per day (heifers were fed same diet of
grass silage and soybean meal but fed varying amounts to influence nutrient
consumption). In addition, the interaction between diet and follicle size can be further
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investigated by the effects of diets above or meeting maintenance energy or crude protein
requirements on dominant follicle size and growth. Heifers receiving a diet that supported
gain (~ 0.9 kg/day) had larger dominant follicles compared to heifers on a restricted diet
fed to gain approximately 0.3 kg/d (Bergfeld et al., 1994; Beam and Butler, 1997). Beam
and Butler (1997), also reported heifers fed a ration containing 3.3% of total dietary fat
had reduced dominant follicle sizes compared to heifers receiving a higher fat diet (above
3.3% of total dietary fat). Heifers on a restricted diet, not only influenced dominant
follicle size, but can also decreased E2 concentrations.
Heifers fed restricted diets in order to have heifers lose body weight not only
exhibited smaller dominant follicles, but they also had decreased E2 concentrations
compared to heifers receiving diets that maintained body weight (Rhodes et al., 1996;
Bossis et al., 1999). Mackey et al. (1999), reported that 60% of heifers on a restricted diet
(to lose 1% of their body weight/week) for approximately two weeks (after emergence of
second follicular wave) failed to ovulate. They hypothesized that the failure of ovulation
in these heifers could be due to decreased LH pulses and concentrations. Heifers fed to
maintain their body condition score had greater mean LH concentrations (Bossis et al.,
1999) compared to heifers fed to lose weight. Rhind et al. (1985) reported similar results
in sheep; ewes receiving 3.0 kg of dry matter per day had increased LH pulse frequencies
and increased ovulation rates compared to ewes only being fed 0.8 kg of dry matter per
day. The reduced LH pulse frequency in dams receiving below their nutrient
requirements can influence their CLs, due to LH promoting luteinization of the follicle.
The size of the dominant follicle can also impact the size of the CL and thereby,
potentially impact P4 concentrations during the subsequent luteal phase. Previous

18
research has reported that for every 1 mm increase in follicle size, CL weight increased
by 1.5 g (Fields et al., 2012). Rhodes et al. (1996), reported heifers fed restricted diets in
order for heifers to lose 0.8 kg/day not only had smaller dominant follicles but also
smaller CL present on the ovary after ovulation while heifers fed diets to maintain their
body weight had larger CL on the ovary. The reduced size of the CL’s impacted P4
concentrations, since smaller CL’s secrete less P4 (Vasconcelos et al., 2001) and
decreased CL weights reduce P4 concentrations (Fields et al., 2012).
Diet can also impact leptin, insulin, and IGF-1 secretions which in return can
affect steroidogenesis occurring at the ovary. Diets above maintenance energy
requirements can increase insulin secretions which then increased the number of small
follicles present on the ovary while diets below maintenance energy requirements can
decrease insulin secretions (Gutierrez et al., 1997). Insulin can increase granulosa cell
numbers and the secretion of E2 and P4 (Spicer and Francisco, 1997). Leptin increased the
proliferation of thecal cells mediated by insulin (Spicer and Francisco, 1998); however,
leptin had no effect on the proliferation of granulosa cells (Spicer and Francisco, 1997).
In thecal and granulosa cells, leptin inhibits insulin induced P4 and E2 (Spicer and
Francisco, 1997; Spicer and Francisco, 1998). Granulosa and thecal cells steroidogenesis
can be inhibited by high doses (30 ng/mL or greater) of leptin thereby, impacting ovarian
function (Spicer and Francisco, 1997). Therefore, a female’s nutrient status can impact
ovarian function through inhibition or stimulation of thecal and granulosa cell
proliferation from leptin or insulin thus influencing ovarian secretion of P4 and E2.
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Steroids, gonadotropins, and diet related hormones can be mediated by the
nutrient status of the female, therefore the changes in steroids and gonadotropins due to
nutrition can affect follicular development of bovine females.

Steroidogenesis
Cholesterol is not only a blood metabolite, but it is also the precursor to all steroid
hormones (Hu et al., 2010). Only steroidogenic cells can utilize cholesterol for steroid
hormone synthesis (Hu et al., 2010); for example ovarian luteal cells utilize cholesterol in
order to secrete and synthesize P4 (Hu et al., 2010). There are four sources that the cell
can derive cholesterol from 1) de novo synthesis in the endoplasmic reticulum, 2)
mobilization of cholesteryl esters stored in lipid droplets, 3) plasma lipoprotein derived
cholesteryl esters from low-density lipoproteins (LDL) receptors, or 4) cultured cell
systems from which plasma membranes are associated with free cholesterol (Hu et al.,
2010). Then steroidogenic acute regulatory protein D4 (StarD4) delivers the cholesterol
to the outer mitochondrial membrane [Figure 1.1: (Miller, 2007b)]. Once brought to the
outer mitochondrial membrane, steroidogenic acute regulatory protein (StAR) delivers
the cholesterol to the inner mitochondrial membrane (Miller, 2007b). Cholesterol sidechain cleavage enzyme (P450scc) converts cholesterol to pregnenolone (Miller, 2007a), it
also determines the amount of cholesterol that enters the mitochondria and is considered
the rate-limiting reaction in steroidogenesis (Miller, 2007b). Pregnenolone is converted to
P4 through 3-beta-hydroxysteroid dehydrogenase isomerase (Hu et al., 2010). The rate of
steroidogenesis can be regulated by tropic hormones and luteal cells are regulated by LH
therefore regulating P4 synthesis (Hu et al., 2010).
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Progesterone secretion from luteal cells increases during the luteal phase of the
estrous cycle. Cholesterol is the precursor for P4 therefore making it plausible that as P4
concentrations increase, cholesterol concentrations decrease during the luteal phase.
Interestingly, cattle fed high lipid diets (5.5 to 8.0% of ether extract) had greater P4 and
pregnenolone secretions from granulosa cells in vitro compared to heifers fed the control
fat diet (2.2 to 2.5% ether extract), thus the high lipid diet elevated serum cholesterol
concentrations that in return promoted steroidogenesis at the ovarian level (Wehrman et
al., 1991). The role of maternal nutrition on cholesterol concentrations and thus, P4
secretions in early embryo development still need to be elucidated further.
Progesterone is crucial for sustaining pregnancy in beef cattle and reduced P4
concentrations could result in early embryonic death. The earliest indication of pregnancy
that is known is IFN-t which is considered the maternal recognition of pregnancy factor
(Arias-Alvarez et al., 2011). Maternal recognition of pregnancy occurs approximately
sixteen days post mating (Senger, 2012), however it may be possible that the embryo is
signaling to the dam that she is pregnant through P4 (Lukaszewska and Hansel, 1980).
Henricks et al. (1970) reported an increase in P4 concentrations in pregnant cows
approximately 10 days post mating compared to non-pregnant females and after 14 days
post mating P4 concentrations were similar among both groups. Dunne et al. (1999) also
reported elevated P4 concentrations in pregnant females around 7 days post mating
compared to non-pregnant females therefore, making it plausible that the embryo is
signaling the dam that she is pregnant approximately 7 to 10 days post mating. It is
plausible that the embryo is causing the rise in P4 concentrations to signal to the dam of
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pregnancy, however the embryo could also be signaling the CL to increase P4 production,
thus further elucidation is needed.
Increased P4 secretion approximately 7 to 10 days post breeding could have an
impact on cholesterol concentrations. As P4 concentrations increase, cholesterol
concentrations could be decreasing due to more cholesterol being utilized to produce P4 to
promote pregnancy or cholesterol concentrations may be elevated in order to supply more
cholesterol for steroidogenesis (Wehrman et al., 1991).

Role of Nutrition in Corpus Luteum Function
The CL secretes P4, a necessary hormone to maintain pregnancy (McDonald et
al., 1952), however restricting nutrients may impact CL function (Villa-Godoy et al.,
1990; Bossis et al., 1999). Heifers receiving restricted nutrients (to lose 1% of
bodyweight per week) had CLs that were smaller in diameter compared to heifers fed a
maintenance diet (Bossis et al., 1999). The CL being smaller in diameter resulted in
decreased P4 secretions during the luteal phase (Vasconcelos et al., 2001) and P4
concentrations were reduced when CL’s were decreased in weight (Fields et al., 2012).
Concentrations of P4 were decreased when heifers were fed a negative energy balance
(Spicer et al., 1990; Villa-Godoy et al., 1990), however it has also been reported that
heifers receiving a high energy diet (28.6 Mcal/kg ME/d) had decreased P4
concentrations compared to heifers on a restricted diet [9.6 Mcal/kg ME/d: (Nolan et al.,
1998a)]. Results from sheep tend to be more consistent, ewes fed a restricted diet (25%
maintenance energy) had elevated P4 concentrations while ewes receiving 100%
maintenance energy diets had reduced P4 concentrations (Parr and Cumming, 1982). As
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feed consumption decreased, blood flow and passage rate through the liver decreased,
therefore P4 metabolism is slowed (Parr et al., 1993); thus, elevated P4 concentrations in
ruminants provided lower feed intakes could be due to progesterone’s slow rate of
metabolism (Sangsritavong et al., 2002) or the nutrient status of the female. These
variations among P4 concentrations indicate the critical role nutrition has on
reproduction; however, further elucidation is needed to conclude whether the nutrient
status of the female or the slowed metabolism of P4 is influencing circulating P4
concentrations.

Role of Nutrition in Oocyte Development
Oocyte competence and development are crucial and have the ability to impact
fertilization and embryo survival. It has been reported that higher energy diets (at or
above maintenance energy or crude protein requirements) can improve oocyte
competence (Ashworth et al., 2009); however, it has also been reported that greater
caloric (1 kg/d weight gain) diets can hinder oocyte development compared to heifers on
lesser caloric diet [0.6 kg/d weight gain: (Freret et al., 2006). Dairy heifers that were
previously fed to achieve 1 kg/d weight gain for 19 weeks and then transitioned to a
restricted diet (0.6 kg/d weight gain) illustrated a higher blastocyst rate and improved
embryo quality compared to heifers that remained on diets formulated to 1 kg/d gain
(Freret et al., 2006). Leroy et al. (2008a) reported that dam’s fed a negative energy
balance (based on actual consumption) diet hindered oocyte development through the
dam’s circulating metabolites such as glucose and non-esterified fatty acids (NEFA).
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Non-esterified fatty acids are a metabolite that has the potential to affect oocyte
development and competence. Females fed a restricted diet (based on actual feed
consumption) had increased concentrations of NEFA in their follicular fluid (Leroy et al.,
2005). Elevated NEFA concentrations (palmitic and stearic acid) in follicular fluid has
been reported to hinder oocyte development by lowering oocyte cleavage rate, blastocyst
yield, and fertilization rate (Leroy et al., 2005). Granulosa cells can also hinder oocyte
development, in the presence of elevated NEFA concentrations. Vanholder et al. (2005)
reported elevated NEFA concentrations inhibited granulosa cell proliferation and survival
impairing ovary functionality. Thus, NEFAs may impact granulosa cell growth, however,
the oocyte does have some protection against NEFAs. The oocyte is protected by
cumulus cells that protect against fatty acid induced lipotoxic effects in vitro (Lolicato et
al., 2015).
A change in the maternal nutrition can change the dam’s circulating hormones
and metabolites thereby, impacting oocyte quality and development. Insulin is believed to
affect follicular, oocyte, and embryo development. Dairy cows fed high starch diets had
increased circulating plasma insulin concentrations and decreased pregnancy rates
compared to dairy cows on a low starch diet (Garnsworthy et al., 2009). The decreased
pregnancy rates could be due to oocyte incompetence and not follicular development
since insulin stimulates follicular growth (Garnsworthy et al., 2009). Furthermore, Purcell
et al. (2012) reported murine dam’s fed high fat diets impaired cumulus cells and resulted
in cumulus cells becoming insulin resistant compared to dam’s fed a lower fat diet.
Cumulus cells provide substrates and nutrients to the oocyte and oocyte glucose uptake
stimulated by insulin was decreased when cumulus cells were insulin resistant, thus
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potentially impairing oocyte development and quality (Purcell et al., 2012). Glucose
concentrations can also impact oocyte quality without being mediated by insulin. Glucose
concentrations (greater than 10 mM) in follicular fluid leads to early resumption of
nuclear maturation thereby potentially hindering oocyte development and quality (SuttonMcDowall et al., 2010). Furthermore, Leroy et al. (2006) reported low glucose
concentrations (2.75 mM) in vitro blocked cumulus expansion and impaired oocyte
development after maturation by reducing blastocyst yield.
Leptin is a hormone that can be crucial in the role of reproduction (Tataranni et
al., 1997). Leptin has been reported to impair ovary function due to decreasing P4,
prostaglandin, and nitrite secretions in the rat (Ricci et al., 2006). Decreased secretions of
P4 and prostaglandin can lead to failure of ovulation (Ricci et al., 2006). Nutrition status
can impact leptin concentrations. Murine females fed an obesogenic diet had elevated
leptin concentrations (1,916 ± 221 pg/mL) in the oviducts which resulted in reduced
blastocyst formation (Igosheva et al., 2010). Furthermore, Boelhauve et al. (2005)
reported different results in bovine oocytes fertilized in vitro; leptin concentrations of 1
and 10 ng/mL increased the proportion of developing blastocysts and decreased the
proportion of apoptotic cells. The different species can explain the varying results of
leptin concentrations on oocyte development. Leptin exhibits stimulatory and inhibitory
effects on oocyte development however cholesterol may also influence oocyte
competence.
Cholesterol is not only a metabolite but also a precursor for steroidogenesis. Diet
can impact circulating cholesterol concentrations. Heifers fed an above maintenance
energy (120% of maintenance energy) diet for 18 d tend to have elevated plasma
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cholesterol concentrations compared to heifers fed a below maintenance energy (40% of
maintenance energy) diet (Walsh et al., 2012). Leroy et al. (2004) also reported that
maternal serum cholesterol concentrations reflected cholesterol concentrations found in
follicular fluid, therefore potentially affecting oocyte development and quality.
Maternal diets can block cumulus cell expansion, resume nuclear expansion early,
reduce or increase blastocyst rate, and decrease the proportion of apoptotic cells
therefore, the nutrient status of the dam can hinder or stimulate oocyte development
through metabolites and hormones. These alterations in circulating metabolites and
hormones can affect the uterine environment, therefore indirectly impacting embryo
development and survival which will be discussed in the subsequent sections.

Role of Nutrition on Uterine Histotroph and Embryo Hatching
Maternal nutrition can impact the uterine histotroph (secretions), thereby affecting
embryo development and survival. Preimplantation embryos are dependent on the uterine
environment for substrates and energy sources. An appropriate uterine histotroph is
essential for supporting conceptus development and embryo elongation (Rowson et al.,
1972). Maternal nutrition can affect hormones and steroids which mediate the uterine
environment, therefore impacting embryogenesis (Ashworth et al., 2009).
Embryonic development can be impacted by maternal nutrition especially blood
metabolites such as amino acids. Heifers fed a high protein diet (exceeded ruminally
degradable protein requirement) had reduced conception rates (Elrod and Butler, 1993). It
is plausible that the altered uterine environments (reduced uterine pH) and an increase in
urea concentrations mediated the decrease in conception rates in heifers fed a high
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protein diet (Elrod and Butler, 1993). Furthermore, dairy cattle fed high protein diets
(above crude protein, ruminally degradable, and ruminally undegradable requirements) to
promote milk production showed decreased fertility due to alterations in uterine pH and
secretions from urea (Butler, 1998). However, when beef heifers were fed a high nitrogen
(13.4% CP and 0.17% S plus urea supplement) and nitrogen sulfur (13.4% CP and 0.17%
S plus urea and calcium sulfate supplementation) diet for 28 d, an increase in uterine pH
occurred, possibly impacting sperm viability and mediating embryo development (Grant
et al., 2013). Excess ammonia from protein catabolism can be detrimental to embryo
development. Rooke et al. (2004) reported that granulosa cells treated with no ammonia
in vitro illustrated a greater number of oocytes maturing to the blastocyst stage than
granulosa cells treated with ammonia (0.5 or 1.0 µmol/mL). Urea is another product of
protein catabolism and oocytes cultured with high urea (20 to 40 mg/dL) concentrations
in vitro had an increase in oocyte degeneration, decreased blastocyst formation, and
decreased hatching rate (Kowsar et al., 2018). Interestingly, Amundson et al. (2016)
reported heifers fed a high crude protein diet (14% CP) for 60 d had elevated plasma urea
nitrogen concentrations, however the high crude protein diet did not influence uterine pH
and oocyte quality compared to heifers fed a 10% crude protein diet. Products of protein
catabolism can hinder embryonic development and survival however further elucidation
is needed to understand the role of protein catabolism on oocyte competence. The
building blocks of proteins are amino acids which have been shown to stimulate
embryonic development.
Amino acids are important for embryo and fetal development (Lonergan and
Forde, 2014) and it is plausible that the nutrient status of the dam can influence the amino

27
acid concentrations in the uterine histotroph, therefore potentially impacting embryo
development. Sponchiado et al. (2019) reported a decrease in amino acid concentrations
in uterine luminal flush when a d 7 embryo was recovered compared to uteri flushed that
contained no d 7 embryo, therefore it is plausible that embryos are utilizing amino acids
for development. Bonilla et al. (2010) reported that embryos cultured in vitro with
methionine concentrations similar to the uterine environment had advance embryo
development such as hatching and an increase in blastocyst formation rates. Bovine
embryos cultured in vitro with essential amino acids and a protein free medium however,
illustrated a decreased hatching rate (Pinyopummintr and Bavister, 1996). It is plausible
that the essential amino acids weren’t required by the embryo but required by the uterus
to supply the embryo nutrients it needs. It is also plausible that the amino acids supplied
to the embryo did not meet the embryo’s changing amino acid requirements (Groebner et
al., 2011) and that embryo may actually require non-essential amino acids. Amino acids
play a crucial role in embryo development additionally insulin can also exhibit
stimulatory effects on embryo growth.
Insulin has various effects on reproductive efficiency, especially embryo
development. Beef heifers fed a diet to yield more propionate, in order to achieve
elevated insulin to embryos, had an increase in elongated embryos at slaughter (Mann et
al., 2003). Mann et al. (2003) also found that heifers fed a diet to produce greater
amounts of propionate had elevated P4 concentrations four to five days post mating
potentially supplying a more ideal uterine environment for embryo development. In vitro
studies involving insulin, found that insulin can also be detrimental to embryo growth.
Oocytes exposure to high (10 µg mL-1) and low (0.1 µg mL-1) insulin concentrations in
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vitro maturation media had reduced blastocyst rates compared to oocytes exposed to an
insulin free media (Laskowski et al., 2017). Garnsworthy et al. (2009) reported similar
results when dairy cows were fed a diet (high in starch and low in fat diet) to achieve
high insulin concentrations resulted in lower pregnancy rates indicating that insulin
hinders embryo development and survival.
Glucose can both stimulate and hinder embryo development (Leese and Barton,
1984; Furnus et al., 1997). Glucose has also been found in the uterine histotroph. Gao et
al., (2009b) reported an increase in glucose in uterine luminal fluid in pregnant ewes
compared to non-pregnant ewes, thus possibly glucose is being shuttled to the uterine
environment to be utilized by the embryo, however it has been reported that high glucose
concentrations in the uteri are detrimental to embryo development. Zygotes incubated
with high glucose (5 mM) concentrations in vitro, had decreased embryo development
and blastocoelic re-expansion was inhibited (Furnus et al., 1997). Moley et al. (1996)
reported that mouse preimplantation embryos exposed to high glucose (52 mM)
concentrations both in vivo and in vitro showed delayed embryo growth. Glucose clearly
hinders early embryo development due to pyruvate being the energy source for
preimplantation embryos until they reach the blastocyst stage where glucose is the
preferred substrate (Leese and Barton, 1984) making it plausible that once blastocyst
stage is reached the embryo lacks all or one of the enzymes (hexokinase, glucose-6P
isomerase, phosphofructokinase, etc.) that convert glucose to pyruvate.
Embryo development can also be influenced by over or undernutrition (above or
below maintenance, protein, caloric requirements). Ewes fed a below or above nutrient
requirements had decreased embryo survival compared to ewes fed a maintenance diet

29
(Cumming et al., 1975). Nolan et al. (1998b) reported that heifers fed restricted (1 kg of
concentrates and ad libitum hay) diets prior to mating had decreased blastocyst formation
and cleavage rates, however heifers on a higher plane of nutrition (7 kg of concentrates
and ad libitum hay) also resulted in decreased oocyte recovery, blastocyst formation and
cleavage rates. Maternal nutrition therefore is crucial for embryo development and
survival.
Maternal nutrition impacts embryo development, however, the effects on embryo
development varies. Heifers fed a restricted diet for 19-34 d (daily weight loss of 0.23 kg
per head) had decreased cleaved ova rates and decreased pregnancy rates mediated
through fertilization failure compared to heifers fed to achieve a daily 0.57 kg weight
gain per head (Hill Jr et al., 1970). Lozano et al. (2003) reported an increase in
unfertilized oocytes in ewes fed 50% of maintenance energy diet compared to ewes fed
150% of maintenance energy diet. Maternal nutrition prior to and after mating is crucial
to embryo development, however, the dam’s nutrient status after mating is especially
significant in embryo development and survival. Heifers fed a high energy diet (200% of
maintenance energy) prior to mating and then transitioned to a lower energy diet (80% of
maintenance energy) of nutrition after mating had decreased embryo survival rates
(Dunne et al., 1999). Kruse et al. (2017) reported heifers fed a restricted (80 or 50% of
NEm requirements) diet six-days post mating had decreased embryo quality, fewer
blastomeres, and lower percentage of live blastomeres. Diets not providing the energy or
protein required can have detrimental impacts on embryo development.
Maternal overnutrition has also been found to hinder embryo development and
survival. Ewes fed above maintenance energy (150%) had decreased fertilization rates

30
(Lozano et al., 2003). Similar results were found in beef cattle; Yaakub et al. (1999)
reported superovulated heifers fed an ad libitum diet of concentrates had fewer embryos
recovered at slaughter compared to heifers fed a basal diet (3 kg of concentrates),
plausibly due to lower ovulation or fertilization rates. Superovulated heifers on a higher
plane of nutrition for 116 d (ad libitum of grass silage and concentrates) not only had
fewer transferable embryos, but also reduced numbers of CL on the ovary compared to
heifers on a basal diet (3 kg of grass silage and concentrates) therefore, potentially
impacting P4 concentrations (Wrenzycki et al., 2000). Furthermore, superovulated ewes
fed a high feeding regimen (140% maintenance energy) had decreased circulating P4
concentrations and fewer viable ovums recovered (McEvoy et al., 1995). Feeding above
maintenance energy and/or crude protein requirements can impact embryo development
through decreased P4 concentrations and reduced numbers of CL found on the ovary.
Maternal plane of nutrition can directly impact preimplantation embryo growth
through hormones and metabolites found in the uterine environment. Furthermore,
embryo development can be hindered by both under and overnutrition of beef females
therefore, indicating the importance of proper nutrition on reproduction. Energy and
protein status of the dam, however, is not the only factor impacting reproduction;
minerals have been found to affect reproduction.

MINERALS ON REPRODUCTION

Minerals have various effects and roles in beef cattle, especially female’s
reproductive success. Minerals are known to impact reproduction by affecting a female’s
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cyclicity status, embryo and fetal growth, and potentially the female’s histotroph.
Minerals have a broad range on how they impact reproduction, however, each mineral
can affect various aspects of reproduction.
Minerals have various roles in reproductive success of a female, the estrous cycle
and puberty is one of the first ways in which minerals can affect reproduction. In a
review by Bindari et al. (2013), they reported that zinc assists in the onset of puberty;
however, elevated potassium concentrations can delay puberty. Furthermore, Barui et al.
(2015) reported cows that exhibited normal cyclicity had increased plasma zinc
concentrations compared to repeat breeders, classified as not conceiving after three or
more inseminations. Increased iron, copper, manganese, and zinc concentrations in serum
have also been associated with cows exhibiting normal cyclicity (Modi et al., 2013),
therefore, potentially playing a role in ovulation or luteal lifespan.
Both ovulation rates and the corpus luteum are crucial for a successful pregnancy
in dams. Ali et al. (1998) found zinc increased the fertility rate in sheep possibly due to
increased ovulations. Furthermore, vaginal manganese concentrations are elevated in
cycling ruminants compared to anestrous ruminants, thus it is plausible that manganese is
involved in a female’s cyclicity (Bindari et al., 2013). Furthermore, the CL contains high
concentrations of manganese, therefore manganese may play a role in CL formation
(Bindari et al., 2013). In conclusion, zinc and manganese are necessary minerals
associated with ovulations and formation of the CL in livestock species.
Mineral concentrations can also impact embryo growth and development. In
swine, decreased concentrations of copper lead to decreased conception rates (O.B.
Smith, 2000) possibly due to unfertilized ova. Lamb et al. (2008) reported heifers fed
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inorganic minerals tended to have an increase in unfertilized ova. Elevated concentrations
of manganese and zinc in the liver however, are correlated with an increase in cumulusoocyte complex recovery rate, therefore stimulating oocyte and embryo development
(Dantas et al., 2019). Furthermore, zinc can impact embryogenesis (Hovdenak and
Haram, 2012) and is crucial in the binding of steroid-receptor complexes to DNA zinc
finger proteins in early embryonic development (Freedman, 1992).
Following early embryo development, maternal recognition of pregnancy (d 16)
and placentation occur, both of extreme importance for the dam to maintain pregnancy
(Senger, 2012). Manganese is believed to play a role in maternal recognition of
pregnancy in ewes due to assisting in the secretion of E2 from the developing conceptus
(Hidiroglou and Shearer, 1976). Manganese can also be transported to the placenta and
then to the fetus in late gestation (Gamble et al., 1971). Other mineral transporters can be
found in the placenta such as calcium and phosphorous (Ohata et al., 2016). Minerals also
are crucial during late gestation, in developing fetal tissues.
Ferrell et al. (1982) reported that as fetal age increased, mineral accretion in the
fetus increased. During inadequate transfer, mineral deficiencies can occur in developing
fetuses which leads to impaired fetal growth and metabolism abnormalities (Widdowson
et al., 1974). Furthermore, minerals have various roles and functions in the bovine
system. Calcium is one of the better understood minerals. Calcium plays a role in muscle
function, skeletal development, and cell membrane function, all of which is crucial in late
gestation for fetal development (Hovdenak and Haram, 2012). Manganese is also known
to help with fetal bone formation (Gamble et al., 1971). In a review by Hidiroglou and
Knipfel (1981), the authors stated that sulfur is needed for skeletal cartilage therefore
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sulfur plays an important role in late fetal development. Thus, minerals can impact
reproduction through various mechanisms. The mechanisms on how minerals are
impacting reproduction are beginning to be better understood however, the interaction
between minerals and the histotroph still need to be elucidated.

CONCLUSION

Nutrition and reproduction have a crucial, but necessary inter-relationship. The
role of maternal nutrition can have an effect on a female’s reproductive success through
her estrous cycle, oocyte competence, embryo development, and uterine environment.
Heifer development affects reproductive success specifically by altering the nutrition post
AI by transitioning from a concentrate to a forage diet. The alterations post AI can hinder
conception and pregnancy rates. The effects of nutrition mediated through metabolites on
embryo development and uterine environment still need to be investigated further. The
following chapters will discuss how altering nutrient consumption prior to and after AI
can impact plasma cholesterol concentrations and the uterine histotroph, and the effects
of post AI nutrition on embryo development and the uterine histotroph will be discussed.
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Figure 1.1: StarD4 and cholesterol delivery pathway to the mitochondria (Miller, 2007a).
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CHAPTER 2
THE INTERACTIONS OF CHANGE IN NUTRITION ON HISTOTROPH AND
PLASMA CHOLESTEROL CONCENTRATIONS IN BEEF CATTLE
ABSTRACT
Plane of nutrition prior to and after artificial insemination (AI) can influence
reproductive success and efficiency by impacting oocyte competence, uterine
environment, and embryo development. The objective of this study was to evaluate the
impact of nutritional changes prior to and after AI on plasma cholesterol concentrations,
uterine mineral concentrations, and embryo recovery on uterine mineral concentrations.
Seventy-nine crossbred heifers were randomly assigned to one of two Pre-AI dietary
treatments (High or Low) for 30 d. Low heifers were offered approximately 90% and
81% of maintenance requirements before and after AI, respectively. High heifers were
fed 162% and 148% of maintenance energy before and after AI, respectively. Heifers
were synchronized using the PG 6-day Controlled Internal Drug Release (CIDR) and
inseminated 8 to 12 h after estrus by one of two trained technicians. Following AI, half of
the heifers were reassigned to a new diet treatment (Post-AI) making four Pre x Post AI
diet treatments: High:High (H-H; n = 20), High:Low (H-L; n = 20), Low:Low; (L-L; n =
20), and Low:High (L-H; n = 19). Heifers remained in their Post-AI diet treatment until
uteri were flushed (d 7 or 8). Blood samples were collected on d -3, -2, -1, 0 (AI), 1, 3, 5,
7, and 8. Impact of treatment on plasma cholesterol was determined by analysis of
repeated measures using the MIXED procedures of SAS, and uterine mineral
concentrations were analyzed by using the MIXED procedures of SAS. There was no
effect of Pre-AI diet treatment (P = 0.95), Post-AI diet treatment (P = 0.91), Pre-AI diet
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treatment by time (P = 0.23), Post-AI diet treatment by time (P = 0.22), or Pre-AI diet by
Post-AI diet by time interactions (P = 0.99) on plasma cholesterol concentrations. There
was an effect of embryo recovery on uterine fluid mineral concentrations of Mg (embryo
recovered 1.82 ± 0.32 ppm vs no embryo 2.73 ± 0.28 ppm; P < 0.04), Al (embryo
recovered 0.00031 ± 0. 0012 ppm vs no embryo 0.0047 ± 0.0011 ppm; P < 0.01), S
(embryo recovered 29.61 ± 2.39 ppm vs no embryo 38.42 ± 2.13 ppm; P < 0.01), K
(embryo recovered 29.84 ± 2.11 ppm vs no embryo 38.18 ± 1.88 ppm; P < 0.01), and Ca
(embryo recovered 2.75 ± 0.30 ppm vs no embryo 3.98 ± 0.27 ppm; P < 0.01), with
decreased concentrations when uterine fluid contained an embryo. Pre-AI diet had no
effect on uterine mineral concentrations (P > 0.10). Post-AI diet treatment influenced
uterine concentrations of S (High: 37.89 ± 2.42 ppm vs Low: 30.14 ± 2.09 ppm; P <
0.02) and Ca (High: 3.81 ± 0.31 ppm vs Low 2.91 ± 0.26 ppm; P = 0.03). There was a
Pre-AI diet by embryo interaction on S (High no embryo: 40.44 ± 3.21 ppm; High
embryo recovered; 24.25 ± 3.28 ppm; Low no embryo: 36.40 ± 2.80 ppm; Low embryo
recovered: 34.97 ± 3.47 ppm; P < 0.03), and a Post-AI diet by embryo on P (High no
embryo: 7.38 ± 1.09 ppm; High embryo recovered: 9.14 ± 1.28 ppm; Low no embryo:
10.34 ± 0.99 ppm; Low embryo recovered: 6.99 ± 1.06 ppm; P < 0.03), Zn (High no
embryo: 0.086 ± 0.012 ppm; High embryo recovered: 0.115 ± 0.014 ppm, Low no
embryo 0.108 ± 0.011 ppm; Low embryo recovered: 0.079 ± 0.012 ppm; P = 0.02), and
Se (High no embryo: 0.00062 ± 0.00032 ppm; High embryo recovered: 0.00153 ±
0.00037 ppm; Low no embryo: 0.00127 ± 0.00029 ppm; Low embryo recovered: 0.00068
± 0.00031 ppm; P = 0.02;). In conclusion, changing plane of nutrition Pre-and Post-AI

37
had no effect on plasma cholesterol concentrations; however, embryo recovery
influenced uterine mineral concentrations.

INTRODUCTION
Nutritional management of heifers can have lifetime effects on their reproductive
success and efficiency. Nutrition and reproduction have an essential relationship which
can be further explained through nutrient partitioning. Short and Adams (1988) explained
nutrients are utilized in the following order: basal metabolism, activity, growth, energy
reserves, pregnancy, lactation, additional energy reserves, estrous cyclicity, initiation of
pregnancy, and excess reserves. Thus, adequate nutrition is essential for reproductive
success, especially among heifers, since estrous cyclicity and initiation of pregnancy
receive nutrients following all the other allocation.
Negative energy balance has been reported to have detrimental effects on
reproduction specifically, steroidal hormone production (Parr and Cumming, 1982;
Spicer et al., 1990). Since negative energy balance impacts steroidal hormone production,
it is plausible that cholesterol concentrations can be affected due to cholesterol being the
precursor to all steroidal hormones (Hu et al., 2010). Heifers fed a lower plane of
nutrition (40% of maintenance energy) for 18 d tended to have reduced plasma
cholesterol concentrations compared to heifers fed a higher plane of nutrition [120% of
maintenance energy: (Walsh et al., 2012)]. Specific steroidal hormones are critical in
early gestation (Senger, 2012), therefore a negative energy balance influencing steroidal
hormone (Spicer et al., 1990) and cholesterol concentrations (Walsh et al., 2012) could
hinder embryo development or cause early embryonic death.
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A change in dam nutritional status (80% vs 200% maintenance energy) 10 d prior
to or after AI for 14 d impacted conception rates (Dunne et al., 1999). Dam nutrition can
also influence circulating metabolites and hormones which impacted ovulation rates,
oocyte competence, and embryo development, thus impacting conception rates (Mackey
et al., 2000; Leroy et al., 2008b; Kowsar et al., 2018), it is also critical for proper uterine
secretions to provide embryos the nutrients needed (metabolite and hormonal) for early
development (Ashworth, 1992). In addition, it has been reported that cyclic and pregnant
ewes have different uterine secretions (Gao et al., 2009b), illustrating how the histotroph
changes in response to the presence of an embryo. The objective of this study was to
evaluate the impact of nutritional changes prior to and after AI on plasma cholesterol
concentrations, uterine mineral concentrations, and impact of embryo recovery on uterine
mineral concentrations.

MATERIALS AND METHODS

All procedures were approved by the Fort Keogh Agriculture Research Station
Institutional Animal Care and Use Committee.

Experimental Design
Seventy-nine crossbred heifers at USDA-ARS, Fort Keogh Livestock and Range
Research Laboratory in Miles City, MT were weighed for initial body weights (306.12 ±
3.74 kg), and then randomly assigned to one of two dietary treatments (High or Low).
Low treatment heifers were fed 90% and 81% of maintenance requirements 30 d before
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and 7 d after AI, respectively. High treatment heifers were fed 162% and 148% of
maintenance energy before and after AI, respectively. Diets were a mixture of alfalfa hay
and corn silage. Differences in maintenance energy was achieved by limiting intake, with
heifers on the low treatment offered 6.8 kg/hd/d, while the high treatment offered 10.9
kg/hd/d. Heifers were fed their respective treatments for 29 to 30 days prior to AI.
Following AI, half of the heifers from each diet treatment were reassigned to a
new treatment thus, resulting in 20 heifers in the high treatment being moved to the low
diet treatment and 19 heifers in the low diet treatment being moved to the high diet
treatment. The remaining 40 heifers remained in their original treatments. This created
four nutritional treatments: high remaining high (H-H, n = 20), high switched to low
(H-L, n = 20), low remaining low (L-L, n = 20), and low switched to high (L-H, n = 19).
Heifers remained on their Post-AI diet treatment for seven to eight days when uteri were
flushed for embryo recovery.

Estrus Synchronization and Estrus Detection
Heifers were evenly distributed into four replicates to facilitate breeding,
ultrasonography, and embryo collection. The PG 6-day CIDR protocol was utilized to
synchronize estrus. On d -12, a prostaglandin F2α (PGF2α; 25 mg as 2 mL Lutalyse
HighCon, i.m.; Zoetis, Inc. Kalamazoo, MI) injection was administered. On d -9, a
Controlled Internal Drug Releasing device (CIDR; Zoetis, Inc., Kalamazoo, MI) was
inserted intravaginally and GnRH (100 µg as 2 mL Factrel, i.m.; Zoetis, Inc., Kalamazoo,
MI) injection was administered. On d -3, CIDRs were removed, PGF2α (25 mg as 2 mL
Lutalyse HighCon, i.m) was administered, and EstroTect patches (Western Point, Inc.,
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Apple Valley, MN) were applied to the sacral region of the tail head. Heifers were
monitored daily from 0530 to 2130 for estrus activity following CIDR removal. Heifers
that had patches with more than half of the coating removed were considered in standing
estrus. Following detection of estrus, heifers were inseminated 8 to 12 h later by one of
two trained technicians with semen from one of two sires (evenly distributed among
treatments). Heifers that did not exhibit estrus by 72 h after CIDR removal were
administered GnRH (100 µg Factrel, i.m.) and were artificially inseminated.

Blood Sampling
Blood samples were collected on d -3, -2, -1, 0 (AI), 1, 3, 5, 7, and 8 (some
heifers were flushed on d 8 due to early estrus response; n = 11). Blood samples were
collected from the jugular vein and into 10 mL Vacutainer tubes that contained EDTA
(Fisher Scientific, Pittsburgh, PA). Tubes were placed on ice until processing by
centrifugation for 20 min at 3,000 x g at 4 °C. Plasma was harvested and stored at 20 °C
until later analysis of blood cholesterol concentrations.

Ultrasonography
At the time of CIDR removal (d -3), AI (d 0) and the day of uteri flushing (d 7 or
8) ovarian dynamics were evaluated using transrectal ultrasonography. Transrectal
ultrasonography was conducted using an Aloka 3500V with a 7.5-MHz probe (Aloka,
Wallingford, CT). The size and presence of the dominant follicle and the size and number
of corpa lutea (CL) were recorded during each examination.
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Embryo Collection
On d 7, most of the heifers had their uteri flushed for embryo collection, however
a small group were flushed on d 8 (n = 11: 3 H-H, 3 H-L, 3, L-L, and 2 L-H) due to early
estrus response. Fourteen heifers were not successfully flushed and were removed from
embryo analyses (6 H-H, 3 H-L, 2 L-L, and 3 L-H). Uterine flushes were conducted by
two trained technicians using a nonsurgical transcervical uterine catherization. Catheters
were placed in the uterine horn ipsilateral with the CL and an initial 20 mL of ViGro
Complete Flush media (Bioniche Animal Health, Athens, GA) was flushed into the horn
and collected for embryo recovery. Heifers were then flushed with an additional 60 to
100 mL of flush media to increase embryo recovery. All recovered embryos (n = 24)
were washed three times in SynGrow Holding media (Vetoquinol, France) and kept at 26
°C in SynGrow Holding media (Vetoquinol, France) until being graded. Embryos were
evaluated for quality grade on a scale of 1 to 4 (1 = excellent, 2 = good, 3 = fair, and 4 =
dead or degenerative) and stage of development on a scale of 1 to 9 (1 = unfertilized, 2 =
2- to 12-cells, 3 = early morula, 4 = morula, 5 = early blastocyst, 6 = blastocyst, 7 =
expanded blastocyst, 8 = hatched blastocyst, 9 = expanding hatched blastocyst) according
to International Embryo Transfer Society standards (IETS, 2009), however embryo
results are not included in Chapter 2 and can be found in (Epperson, 2019).

Plasma analysis
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Plasma concentrations of cholesterol were measured in duplicate using an
enzymatic colorimetric assay kit (Cholesterol Reagent Set Pointe Scientific, Canton, MI)
with the assay sensitivity being 0.0015 mg/dL. Intra and inter coefficients of variation
was 7.67% and 4.61%, respectively. Cholesterol reagent (1 mL) was pipetted into each
well of a 48-well microtiter plate and incubated for 5 min at 37 °C. The standard
solutions (0, 50, 100, and 150 mg/dL) were generated with distilled water and cholesterol
standard provided in the cholesterol reagent set kit and was ran on every third plate. Each
standard solution (10 µL) was pipetted into the first row of wells (A1 - A8) in duplicate
and then 10 µL of each sample was pipetted in duplicate to the appropriate wells. After
the addition of the samples and standard, the plate was vortexed and heated to reduce the
presence of bubbles. Plates were then incubated at 37 °C for 5 min. Once incubation was
completed, the plate was placed into a Cary 50 micro-plate spectrophotometer (Varian
Inc., Walnut Creek, CA) and absorbance was measured at 500 nm.

Uteri Flush analysis
Uterine flushes were aliquoted and stored at -20 °C. A 2 mL aliquot of flush
media from each heifer that was successfully flushed was sent to Michigan State
University Veterinary Diagnostic Laboratory for analysis of Mg, Al, P, S, K, Ca, Cu, Zn,
Se, and Fe by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) according to the
method of Wahlen et al., (2005). Uncontaminated flush media was also sent for analysis.
Uterine mineral concentrations were corrected by subtracting mineral concentration from
the uncontaminated flush media for each individual heifer to determine uterine mineral
concentration.
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Feed Analysis
Dietary samples were collected prior to trial starting. Projected maintenance
energy levels were determined based on an quantity estimate of feed offered to each
heifer in the bunk. High diets were projected to offer heifers 120% of maintenance
energy and Low diets were projected to offer heifers 70% of maintenance energy. Heifers
were fed once daily. Bunk samples were taken twice during the Pre-AI and Post-AI for
the dietary treatments. Samples were analyzed via wet chemistry by Dairyland
Laboratories, Inc. (Arcadia, WI) for crude protein, ADF, aNDF, lignin, fat, ash, NEm,
and NEg (Table 2.1). Maintenance energy levels were determined based on the quantity
of feed offered to each heifer in the bunk. Using the National Cattle Requirements (NRC,
2016) quantity of feed provided and the nutrient analysis was inputted and maintenance
energy was calculated.

Statistical Analysis
Plasma concentrations of cholesterol were analyzed by analysis of repeated
measures using the MIXED procedures of SAS, with the indicated best fit model
(Compound Symmetry) as the covariance structure. Pre-AI treatment, Post-AI treatment,
time, and all interactions were included as independent variables in the model. Treatment,
presence of an embryo recovered, and their interaction on uterine mineral concentrations
were evaluated using the MIXED procedure in SAS. Statistical significance was
considered at P ≤ 0.05 and a tendency at 0.05 < P ≤ 0.10.
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RESULTS

Cholesterol Concentrations
Plasma cholesterol concentrations were influenced by time (P < 0.0001; Figure
2.1) with concentrations increasing after estrus until d 5 concentrations than decreased to
d 7 and 8. There was a tendency for an overall Pre-AI diet by Post-AI diet interaction to
influence cholesterol concentrations (P = 0.10; Figure 2.2), however, there was no
statistical difference between dietary treatments when a mean separation was performed
(H-H = 91.79 ± 1.68, H-L = 89.20 ± 1.66, L-L = 91.88 ± 1.64, and L-H = 88.91 ± 1.80
mg/dL; P ≥ 0.22). There was no significant effect of Pre- or Post-AI diet treatment (P >
0.10, Figure 2.3, 2.4, respectively), and no interaction of Pre-AI diet treatment by time,
Post-AI diet treatment by time, and Pre-AI diet by Post-AI diet by time (P > 0.10, Figure
2.5, 2.6, 2.7, respectively).

Uterine Flush Mineral Concentrations
Uterine flushes that had an embryo recovered had decreased Mg (embryo
recovered 1.82 ± 0.32 ppm vs no embryo recovered 2.73 ± 0.28 ppm; P < 0.04; Figure
2.8A), Al (embryo recovered 0.00031 ± 0.0012 ppm vs no embryo recovered 0.0047 ±
0.0011 ppm; P < 0.01; Figure 2.8B), S (embryo recovered 29.61 ± 2.39 ppm vs no
embryo recovered 38.42 ± 2.13 ppm; P < 0.01; Figure 2.8A), K (embryo recovered 29.84
± 2.11 ppm vs no embryo recovered 38.18 ± 1.88 ppm; P < 0.01; Figure 2.8A), and Ca
(embryo recovered 2.75 ± 0.30 ppm vs no embryo recovered 3.98 ± 0.27 ppm; P < 0.01;
Figure 2.8A) concentrations; however the remaining minerals (P, Cu, Zn, Se and Fe)
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were not influenced by embryo recovery (P > 0.10; Table 2.2). Uterine mineral
concentrations were not influenced by Pre-AI diet treatment (P > 0.10; Table 2.3). PostAI diet influenced S (P < 0.02; Figure 2.9) and Ca (P = 0.03; Figure 2.9). High diet
heifers had increased S (37.90 ± 2.42 ppm) and Ca (3.81 ± 0.31 ppm) concentrations
compared to Low diet heifers (S: 30.14 ± 2.09 ppm; Ca: 2.91 ± 0.26 ppm). There was no
impact of Post-AI diet on the remaining minerals analyzed (P > 0.10; Table 2.4).
Sulfur (P < 0.03; Figure 2.10) was influenced by a Pre-AI diet by embryo
interaction. Heifers fed High Pre-AI diet with an embryo recovered (24.25 ± 3.29 ppm)
had decreased S concentrations compared to heifers on High Pre-AI diet with no embryo
(40.44 ± 3.21 ppm) and heifers on the Low Pre-AI diet without (36.40 ± 2.80 ppm) and
with an embryo recovered (34.97 ± 3.47 ppm, P < 0.05). Other uterine minerals were not
affected by a Pre-AI diet by embryo interaction (P > 0.10; Table 2.5). A Post-AI diet by
embryo interaction was found for P (P < 0.03; Figure 2.11), Zn (P = 0.02; Figure 2.12),
and Se (P = 0.02; Figure 2.13). Heifers fed the Low Post-AI diet (10.34 ± 0.99 ppm)
without an embryo had increased P concentration compared to High Post-AI (7.38 ± 1.09
ppm) diet without an embryo or Low post-AI diet (6.99 ± 1.06 ppm) with an embryo
recovered (P < 0.05). Heifers fed the High Post-AI (0.116 ± 0.014 ppm) diet with an
embryo recovered had elevated uterine Zn concentrations compared to heifers fed the
Low Post-AI diet (0.079 ± 0.012 ppm) with an embryo recovered (P < 0.05). Heifers fed
the Low Post-AI (0.079 ± 0.012 ppm) diet with an embryo tended to have reduced uterine
Zn concentrations compared to heifers on the same dietary treatment without an embryo
(0.109 ± 0.011 ppm, P < 0.07). Heifers fed the High Post-AI diet without an embryo
(0.00062 ± 0.00031 ppm) recovered tended to have reduced Se concentrations compared
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to heifers on the High Post-AI diet (0.00153 ± 0.00037 ppm; P < 0.07) with an embryo
recovered. Also, heifers fed the High Post-AI diet treatment with an embryo recovered
(0.00153 ± 0.00037 ppm) tended to have elevated uterine Se compared to heifers fed the
Low Post-AI diet (0.00069 ± 0.00031 ppm; P < 0.09) with an embryo recovered. Other
minerals analyzed (Mg, Al, S, K, Ca, Cu, and Fe) were not influenced by a Post-AI by
embryo interaction (P > 0.10; Table 2.6).
Magnesium uteri concentrations were influenced by a Pre-AI diet by Post-AI diet
by embryo recovery interaction (P < 0.05; Figure 2.14). Heifers fed the H-H diet (3.98 ±
0.67 ppm) with no embryo recovered had elevated uterine Mg concentrations compared
to heifers fed the H-H with an embryo recovered (1.11 ± 0.67 ppm; P = 0.004), H-L with
no embryo (3.86 ± 0.54 ppm; P = 0.02), H-L with an embryo recovered (1.73 ± 0.58
ppm; P < 0.01), and L-L with an embryo recovered (1.82 ± 0.58 ppm; P = 0.02). There
was an overall tendency for a Pre-AI diet by Post-AI diet by embryo recovery interaction
on S (P < 0.10; Table 2.7), Cu (P < 0.07; Table 2.7), and Fe (P < 0.10; Table 2.7). Other
minerals analyzed (Al, P, K, Ca, Zn, and Se) were not influenced by a Pre-AI diet by
Post-AI diet by embryo recovery interaction (P > 0.10; Table 2.7).
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Table 2.1: Nutrient analysis (DM basis) diets fed prior and after AI.

Pre-AI1

1

Post-AI2

Item

Low

High

Low

High

Dry matter, %

46.77

53.65

43.48

47.20

Crude protein, % DM

10.71

11.17

13.68

14.66

ADF3, % DM

33.28

32.41

32.29

30.47

aNDFom4, % DM

47.07

44.33

41.45

40.04

Lignin, % NDF

10.50

12.08

14.57

13.11

Ether Extract, % DM

4.23

3.34

3.76

4.55

Ash, % DM

6.55

6.80

7.47

7.47

NEm5, Mcal/kg

1.50

1.46

1.48

1.57

NEg6, Mcal/kg

0.91

0.88

0.89

0.97

High diet = 162% maintenance energy and Low diet = 90% of maintenance energy.
High diet = 148% maintenance energy and Low diet = 81% maintenance energy.
3
Acid detergent fiber.
4
Amylase and sodium sulfite-treated neutral detergent fiber correct for ash content.
5
Net energy for maintenance.
6
Net energy for gain.
2
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Table 2.2: Effect of embryo recovery on uterine flush1 mineral concentrations.
Mineral

No Embryo

Embryo

SEM

P-value

ppm

1

P

8.863

8.065

0.830

0.48

Cu

0.004

0.004

0.001

0.96

Zn

0.097

0.097

0.009

0.97

Se

0.00095

0.0011

0.00024

0.61

Fe

0.356

0.402

0.087

0.69

Uteri flushes were collected on d 7 or 8 post AI.
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Table 2.3: Uterine flush mineral concentrations for heifers fed above or below
maintenance energy prior to AI.1
Mineral

Pre-AI Diet2
High

SEM

P-value

Low
ppm

1
2

Mg

2.170

2.387

0.308

0.61

Al

0.002

0.003

0.001

0.45

P

8.275

8.553

0.798

0.87

S

32.344

35.687

2.297

0.30

K

33.263

34.754

2.032

0.60

Ca

3.149

3.573

0.289

0.30

Cu

0.004

0.005

0.001

0.83

Zn

0.097

0.098

0.009

0.91

Se

0.00098

0.0010

0.00023

0.79

Fe

0.368

0.391

0.081

0.85

Uteri flushes were collected on d 7 or 8 post-AI.
High diet = 162% maintenance energy and Low diet = 90% of maintenance energy.
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Table 2.4: Uterine flush mineral concentrations for heifers fed above or below
maintenance energy after AI.1
Mineral

Post-AI Diet2
High

SEM

P-value

Low
ppm

1
2

Mg

2.576

1.981

0.324

0.17

Al

0.002

0.003

0.001

0.91

P

8.263

8.664

0.841

0.72

K

35.811

32.206

2.143

0.21

Cu

0.005

0.004

0.001

0.69

Zn

0.101

0.094

0.009

0.55

Se

0.0012

0.00098

0.00024

0.77

Fe

0.355

0.404

0.088

0.68

Uteri flushes were collected on d 7 or 8 post-AI.
High diet = 148% maintenance energy and Low diet = 81% maintenance energy.

Table 2.5: Influence of embryo recovery on uterine flush mineral concentration for heifers fed above or below maintenance energy
prior to AI.1
Pre-AI Diet2 X Embryo

Mineral
High-

High-

Low-

Low-

No Embryo

Embryo

No Embryo

Embryo

SEM

P-value

ppm

1
2

Mg

2.920

1.419

2.542

2.231

0.465

0.17

Al

0.004

0.000

0.006

0.001

0.002

0.70

P

8.915

7.836

8.811

8.295

1.205

0.80

K

39.170

27.355

37.189

32.319

3.070

0.23

Ca

3.999

2.299

3.951

3.194

0.437

0.25

Cu

0.004

0.004

0.004

0.005

0.002

0.74

Zn

0.101

0.093

0.095

0.102

0.013

0.53

Se

0.00089

0.00108

0.00101

0.00114

0.00035

0.92

Fe

0.352

0.384

0.361

0.421

0.126

0.91
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Uteri flushes were collected on d 7 or 8 post-AI.
High diet = 162% maintenance energy and Low diet = 90% of maintenance energy.

Table 2.6: Influence of embryo recovery on uterine flush mineral concentration for heifers fed above or below maintenance energy
after AI.1
Post-AI Diet2 X Embryo

Mineral
HighNo Embryo

HighEmbryo

LowNo Embryo

LowEmbryo

SEM

P-value

ppm

1
2

Mg

3.275

1.877

2.188

1.774

0.494

0.256

Al

0.005

0.0003

0.005

0.0003

0.002

0.915

S

41.520

34.271

35.318

24.952

3.687

0.628

K

39.761

31.860

36.598

27.814

3.261

0.877

Ca

4.325

3.296

3.626

2.197

0.464

0.622

Cu

0.004

0.006

0.005

0.003

0.002

0.223

Fe

0.278

0.432

0.435

0.373

0.134

0.358

Uteri flushes were collected on d 7 or 8 post-AI.
High diet = 148% maintenance energy and Low diet = 81% maintenance energy.
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Table 2.7: Influence of embryo recovery on uterine flush mineral concentrations for heifers fed above or below maintenance energy
prior1 to and after2 AI.3
Mineral

Pre AI Diet x Post AI Diet x Embryo Recovery
H-H-

H-H-

H-L-

H-L-

L-H-

L-H-

L-L-

L-L-

No Embryo

Embryo

No

Embryo

No Embryo

Embryo

No Embryo

Embryo

SEM

P- value

embryo
ppm
Al

0.004

0.000

0.004

0.000

0.005

0.001

0.006

0.001

0.003

0.810

P

7.110

9.428

10.719

6.243

7.658

8.857

9.963

7.733

1.891

0.452

S

47.092a

27.082bc

33.780b

21.423c

35.949ab

41.460ab

36.857ab

28.481bc

5.446

0.098

K

43.796

29.843

34.545

24.867

35.727

33.878

38.651

30.769

4.817

0.366

Ca

4.689

2.641

3.311

1.957

3.962

3.952

3.941

2.437

0.686

0.181

Cu

0.002*¶

0.006*

0.006*

0.001¶

0.005*¶

0.005*¶

0.003*¶

0.005*¶

0.003

0.067

Zn

0.085

0.117

0.117

0.070

0.088

0.114

0.101

0.088

0.021

0.410

Se

0.0003

0.0017

0.0014

0.0005

0.0009

0.0014

0.0011

0.0008

0.0005

0.234

Fe

0.118*

0.457*¶

0.585¶

0.311*¶

0.437*¶

0.407*¶

0.285*¶

0.434*¶

0.198

0.095

1

High diet = 162% maintenance energy and Low diet = 90% of maintenance energy.
High diet = 148% maintenance energy and Low diet = 81% maintenance energy.
3
Uteri flushes were collected on d 7 or 8 post-AI.
Superscripts (abc) indicate a difference between treatment P < 0.05.
Superscripts (*¶) indicate a tendency between treatment 0.05 < P ≤ 0.10.
4
H-H: Heifers were fed the high diet treatments prior to and after AI.
2
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5

H-L: Heifers were fed the high diet treatment prior to AI and the low diet treatment after AI.
L-H: Heifers were fed the low diet treatment prior to AI and the high diet treatment after AI.
7
L-L: Heifers were fed the low diet treatments prior to and after AI
6
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Figure 2.1: The influence of time on plasma cholesterol concentrations (P < 0.0001).
Superscripts (abcde) indicate a difference between time P ≤ 0.05.
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Figure 2.2: Influence of Pre-AI by Post-AI diet on plasma cholesterol concentrations.
There was an overall tendency for a Pre-AI by Post-AI diet interaction (P = 0.10),
however there was no statistical difference (P ≥ 0.22) between dietary treatments when a
mean separation was performed.
H-H: Heifers fed high diet Pre- and Post-AI.
H-L: Heifers were fed the high diet Pre-AI and the low diet Post-AI.
L-H: Heifers were fed the low Pre-AI and the high diet Post-AI.
L-L: Heifers were fed the low diet Pre- and Post-AI.
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Figure 2.3: Influence of Pre-AI diet on plasma cholesterol concentrations (P = 0.95).
Heifers receiving the Low diet prior to AI were fed 90% of maintenance energy and
heifers receiving the High diet prior to AI were fed 162% of maintenance energy.
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Figure 2.4: Influence of Post-AI diet on plasma cholesterol concentrations (P = 0.91).
Heifers on the Low diet after AI were fed 81% of maintenance energy and heifers on the
High diet after AI were fed 148% of maintenance energy.
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Figure 2.5: Influence of Pre-AI diet by time interaction on plasma cholesterol
concentrations (P = 0.23). Heifers receiving the Low diet prior to AI were fed 90% of
maintenance energy and heifers receiving the High diet prior to AI were fed 162% of
maintenance energy. Day 0 represents day of AI. All Pre-AI diets were fed until d 0; after
AI (d 0) heifers were reassigned diets (Post-AI). Post-AI diets started on d 1.
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Figure 2.6: Influence of Post-AI diet by time interaction on plasma cholesterol
concentrations (P = 0.22). After AI heifers were evenly distributed and reassigned diet
treatments. Heifers on the Low diet after AI were fed 81% of maintenance energy and
heifers on the High diet after AI were fed 148% of maintenance energy. D 0 represents
day of AI. All Pre-AI diet treatments were fed until d 0; after AI (d 0) heifers were
reassigned diet treatments (Post-AI). Post-AI diets started on d 1.
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Figure 2.7: Influence of Pre-AI by Post-AI diet by time interaction on plasma cholesterol
concentrations (P = 0.99).
H-H: Heifers fed high diet Pre- and Post-AI.
H-L: Heifers were fed the high diet Pre-AI and the low diet Post-AI.
L-H: Heifers were fed the low Pre-AI and the high diet Post-AI.
L-L: Heifers were fed the low diet Pre- and Post-AI.
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Figure 2.8: The influence of embryo recovery on uterine histotroph A) Mg (P < 0.04), S (P < 0.01), K (P < 0.01), and Ca (P < 0.01)
and B) Al (P < 0.01) concentrations.
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Figure 2.9: Influence of Post-AI diet on uterine histotroph S (P < 0.02) and Ca (P = 0.03)
concentrations. Heifers on the Low diet after AI were fed 81% of maintenance energy
and heifers on the High diet after AI were fed 148% of maintenance energy.
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Figure 2.10: Influence Pre-AI diet by embryo recovery interaction on S uterine histotroph
concentrations. Pre-AI diets were 90% of maintenance energy (Low) and 162% of
maintenance energy (High). Superscripts (ab) indicate a difference between treatment P ≤
0.05.
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Figure 2.11: Influence of Post-AI diet by embryo recovery interaction on P uterine
histotroph concentrations. Heifers on the Low diet after AI were fed 81% of maintenance
energy and heifers on the High diet after AI were fed 148% of maintenance energy.
Superscripts (ab) indicate a difference between treatment P ≤ 0.05.
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Figure 2.12: Influence of Post-AI diet by embryo recovery interaction on Zn uterine
histotroph concentrations. Heifers on the Low diet after AI were fed 81% of maintenance
energy and heifers on the High diet after AI were fed 148% of maintenance energy.
Superscripts (abc) indicate a difference between treatment P ≤ 0.05.
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Figure 2.13: Influence of Post-AI diet by embryo recovery interaction on Se uterine
histotroph concentrations (P = 0.02). Heifers on the Low diet after AI were fed 81% of
maintenance energy and heifers on the High diet after AI were fed 148% of maintenance
energy. Superscripts (*†) indicate tendency between treatment 0.05 < P ≤ 0.10.
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Figure 2.14: Influence of Pre-AI by Post-AI diet by embryo recovery interaction on Mg
uterine hisotroph concentrations. Pre-AI diets were 90% (Low) and 162% (High) of
maintenance energy and after AI heifers were fed 81% (Low) and 148% (High) of
maintenance energy.
H-H: Heifers fed high diet Pre- and Post-AI.
H-L: Heifers were fed the high diet Pre-AI and the low diet Post-AI.
L-H: Heifers were fed the low Pre-AI and the high diet Post-AI.
L-L: Heifers were fed the low diet Pre- and Post-AI.
Superscripts (ab) indicate a difference between treatment P ≤ 0.05.
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DISCUSSION
Flucatuation in circulating cholesterol concentrations throughout the trial are not
surprising. Cholesterol is not only a metabolite, but is also the precursor to steroid
hormones (Hu et al., 2010). Expression of estrus is regulated by estradiol production on d
0 (elevated estradiol) and the absence of progesterone and the estrous cycle is regulated
by production of progesterone for (elevated progesterone) the luteal phase. Female cattle
fed high lipid diets (5.5 to 8.0% of ether extract) which had elevated cholesterol
concentrations in comparison to female cattle on the control fat diet [2.2 to 2.5% ether
extract: (Wehrman et al., 1991)]. Interestingly, Wehrman et al., (1991) reported granulosa
cells from cattle on the high lipid diet had greater progesterone and pregnenolone
secretions in vitro compared to the control diet, thus the elevated cholesterol
concentrations due to the high fat diet promoted steroidogenesis. The fluctuations in
circulating cholesterol concentrations throughout the trial is plausibly, due to cholesterol
being utilized for steroid hormone production. Furthermore, heifers fed the low Pre- and
Post-AI diet could have also influenced cholesterol fluctuations throughout the trial due
to the low Pre- and Post-AI diets offering less cholesterol than the high diets. Heifers
potentially underwent lipolysis (Leroy et al., 2005) for energy substrates and cholesterol
is mainly synthesized in adipose tissue (Liepa et al., 1978) thus, as heifers underwent
lipolysis on the low Pre- and Post-AI diet, it is plausible that circulating cholesterol
concentrations increased.
The four different dietary treatments (H-H, H-L, L-H, and L-L) tended to
influence cholesterol concentrations; however, there was no statistical difference between
dietary treatments when a mean separation was performed. These results differ from
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Walsh et al., (2012) that reported heifers fed a diet at 120% of maintenance energy
tended to have elevated cholesterol concentrations than heifers fed a diet at 40% of
maintenance energy. It is likely that our restricted diet treatment (86% maintenance
energy) was not acute enough to see differences in circulating cholesterol concentrations
and that Walsh et al., (2012), 40% of maintenance energy offered less cholesterol in the
diet than our 155% (average of High Pre- and Post-AI diet) and 86% (average of Low
Pre- and Post-AI diet) maintenance energy diets.
Uterine flushes that contained an embryo had decreased mineral concentrations
for Mg, Al, S, K, and Ca compared to uterine flushes that did not contain an embryo. The
decrease in Mg, Al, S, K, and Ca uterine concentrations can be indicative of the embryo
utilizing these minerals for development and growth. As fetal age increased, mineral
accretion in the fetus also increased (Ferrell et al., 1982), and Widdowson et al. (1974),
reported impaired fetal growth and metabolism abnormalities due to poor mineral transfer
from the dam. The embryo is potentially using Mg from the uterine environment for
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) synthesis since Mg binds to
phosphate groups on RNA which influences the ribonucleic chains folding (Ebel and
Günther, 1980; Suttle, 2010). Additionally, Mg can be utilized to create soft tissues in the
developing embryo since Mg is the second most abundant mineral in soft tissues (Suttle,
2010). Sulfur uterine concentrations were also decreased when an embryo was recovered.
Sulfur is known to play a critical role in late gestation, but a review by Hidiroglou and
Knipfel (1981) reported that S is also needed for skeletal cartilage. Thus, S may not only
play a critical role in late gestation, but also early embryo development. The embryo
could also be utilizing S for methionine production (Mccollum, 1957; Suttle, 2010) as
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methionine has been reported to increase the percent of oocytes developing to the
blastocyst stage (d 7 aged embryos) compared to oocytes cultured with no methionine
(Bonilla et al., 2010). Sulfur can also be utilized in enzymatic pathways that require
disulfide bonds in their binding site (Suttle, 2010). Calcium is known to play critical roles
during embryo and fetal development; a transporter in the placenta (Ohata et al., 2016),
as it is critical for muscle function, skeletal development, and cell membranes (Hovdenak
and Haram, 2012). Potassium is known best for the regulation of acid and base balance
which may contribute to embryo development (Wilson, 1966; Michell, 1995; Suttle,
2010); however, the role of K in embryo development has not been fully elucidated.
Uterine Al concentrations were also found to decrease among flush media when an
embryo was recovered. Aluminum is not considered a beneficial mineral in beef and
livestock systems (Suttle, 2010), so the influence of an embryo is unclear. The critical
roles of trace minerals in terms of bone development, enzymatic pathways, DNA and
RNA synthesis, and cell membranes supports the hypothesis that the embryo is utilizing
trace minerals (Mg, S, K, and Ca) for growth and development.
Pre-AI dietary treatments had no impact on uterine mineral concentrations. This
could be due to heifers being on the Pre-AI diet for 30 days and adequate time for
animals to adapt to the Pre-AI diet. Gilts in a calcium deficient state (0.4% or 0.1% of
calcium requirements), begin to mobilize parathyroid hormone approximately 9 days
after the deficiency began and mobilizing calcitriol approximately 16 days after the
deficiency began in order to increase calcium concentrations (Eklou-Kalonji et al., 1999);
therefore it is plausible that heifers on the low Pre-AI diet (30 d) were able to compensate
for a possible mineral deficiencies. Post-AI diet however, affected uterine sulfur and
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calcium concentrations with heifers on the low diet having reduced sulfur and calcium
concentrations. Heifers fed the low Post-AI diet were fed less than high Post-AI heifers
due to the low Post-AI heifers only being offered 62% of the diet that high Post-AI
heifers were offered, thus low Post-AI heifers consumed less sulfur and calcium. Low
Post-AI heifers consuming less sulfur and calcium in their diet potentially is the cause of
the reduction in uterine sulfur and calcium concentrations. It is also plausible (as
discussed previously) that the embryo is using sulfur and calcium for growth and
development; thus, it is plausible that the decreased uterine sulfur and calcium
concentrations among the low Post-AI energy heifers could be impacting embryo growth
and development. This is consistent with previous reports that a decrease in Post-AI
nutrition negatively impacted embryo development (Dunne et al., 1999; Kruse et al.,
2017). Kruse and coworkers (Kruse et al., 2017) reported heifers fed below maintenance
energy (80% or 50% of maintenance energy) produced embryos of poorer quality and
delayed development compared to heifers fed 125% of maintenance energy requirements.
Dunne et al., (1999) reported heifers fed the high diet (200% of maintenance energy) preAI and then transitioned to the low diet (80% of maintenance energy) post-AI had lower
embryo survival rates compared to heifers fed the low diet both prior to and after AI,
heifers fed the low diet pre-AI and then transitioned to the high diet post-AI, and heifers
that remained on the high diet both prior to and after AI.
In conclusion, changing the maternal nutrition prior to and after AI did not
influence plasma cholesterol concentrations. Pre-AI diet did not impact uterine histotroph
mineral concentrations; however, Post-AI diet influenced S and Ca. Heifers fed the low
Post-AI diet had decreased S and Ca uterine histotroph concentrations in comparison to
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heifers on the high Post-AI diet, thus Post-AI diet influenced the uterine histotroph.
Uterine histotroph concentrations of Mg, Ca, S, K, and Al were influenced by embryo
recovery, with mineral concentrations in the uterine lumen being decreased when an
embryo was recovered compared to when there was no embryo, thus plausibly the
embryo is utilizing minerals for growth and development.
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CHAPTER 3
EFFECT OF POST AI NUTRTION ON BLOOD METABOLITES AND UTERINE
HISTOTROPH
ABSTRACT
Nutrient status of heifers after artificial insemination can impact reproductive
success. The objective of this study was to evaluate the impact of nutritional changes
after AI on uterine mineral concentrations, plasma progesterone, non-esterified fatty acids
(NEFA), glucose, protein, and cholesterol. At time of AI, 50 crossbred heifers were
randomly assigned to a 1) restricted energy diet (Low; n = 25; 77.5% of maintenance) or
2) a high energy diet (High; n = 25; 161.5% of maintenance). Blood samples were
collected on d -3, 0 (AI), 3, 6, 9, 12, and 14. Heifer weights and uterine mineral
concentrations were analyzed using the MIXED procedure of SAS. Plasma
concentrations of progesterone, NEFA, glucose, protein, and cholesterol were analyzed as
repeated measures using the MIXED procedure of SAS. Low heifers lost weight and
weighed less (P < 0.01) than High heifers. Dietary treatment influenced NEFA plasma
concentrations (P < 0.01) with Low heifers (0.647 ± 0.05 mEq/L) having elevated
concentrations compared to High heifers (0.401 ± 0.07 mEq/L). There was also a dietary
treatment by time interaction (P < 0.01) with concentrations increasing in Low heifers but
remaining relatively constant in High heifers. Concentrations of NEFA were not
influenced by embryo recovery (P = 0.48), dietary treatment by embryo recovery (P =
0.90), embryo recovery by time (P = 0.60), and dietary treatment by embryo recovery by
time (P = 0.56). Glucose concentrations were influenced by an embryo by time
interaction (P < 0.02), heifers that had an embryo recovered had elevated glucose
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concentrations beginning on d 3 (92.82 ± 6.40 mg/dL) in comparison to heifers that had
no embryo recovered. Glucose concentrations were not influenced by dietary treatment
(P = 0.64), embryo recovery (P = 0.74), dietary treatment by embryo recovery (P = 0.19),
dietary treatment by time (P = 0.50), or dietary treatment by embryo recovery by time (P
= 0.22). Protein concentrations were not influenced by diet treatment (P = 0.99), embryo
recovery (P = 0.14), time (P = 0.28), or any interactions (P ≥ 0.15) except for dietary
treatment by time interaction (P ≥ 0.07) tending to influence protein concentrations,
however no trend was observed. Cholesterol concentrations were influenced by a dietary
treatment by time interaction (P < 0.01), with Low heifers having elevated cholesterol
concentrations beginning on d 3 in comparison to High heifers. Cholesterol
concentrations were not influenced by dietary treatment (P = 0.25), embryo recovery (P =
0.20), dietary treatment by embryo recovery (P = 0.81), embryo recovery by time (P =
0.30), or dietary treatment by embryo recovery by time (P = 0.93). Dietary treatment by
embryo recovery by time tended to effect progesterone concentrations (P < 0.06), with
High heifers with no embryo having the greatest progesterone concentration on d 12
(12.58 ± 1.26 ng/mL). Plasma progesterone concentrations were not affected by dietary
treatment (P = 0.80), embryo recovery (P = 0.99), dietary treatment by embryo recovery
(P = 0.22), dietary treatment by time (P = 0.56), or embryo recovery by time (P = 0.17).
Uterine Mg (P = 0.02) and S (P = 0.01) concentrations were reduced when an embryo
was recovered. Embryo recovery did not influence concentrations of P, K, Cu, Zn, Se,
Mn, Co, B, and Cr (P > 0.10). Dietary treatment tended to effect Fe concentrations (P =
0.09), with High heifers (0.925 ± 0.134 ppm) having elevated Fe concentrations
compared to Low heifers (0.636 ± 0.098 ppm), but other minerals analyzed (Mg, P, S, K,
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Ca, Cu, Zn, Se, Mn, Co, B, and Cr), were not influenced by dietary treatment (P > 0.10).
In conclusion, nutritional changes after AI impacted plasma NEFA, glucose, protein,
cholesterol, and progesterone concentrations. Additionally, uterine mineral
concentrations were influenced by embryo recovery.

INTRODUCTION

Nutritional management can influence heifer development and reproductive
success. Restricted nutrient status in a dam can have negative impacts on reproductive
success, specifically conception rates (Dunne et al., 1999). In addition, Kruse et al.,
(2017) recently reported embryos from heifers fed a restricted diet (80% or 50% of NEm
requirements) for six days post mating had decreased embryo quality and fewer
blastomeres. These negative impacts can be explained through the way nutrients are
partitioned: basal metabolism, activity, growth, energy reserves, pregnancy, lactation,
additional energy reserves, estrous cyclicity, initiation of pregnancy, and excess reserves
(Short and Adams, 1988). Thus, the low priority of estrous cyclicity and initiation of
pregnancy in nutrient partitioning makes nutrition a significant regulator of reproductive
success. More specifically, conception rates can be impacted by circulating metabolites
in the dam. Metabolites indicate the dam’s nutritional status and can impact oocyte
competence (Leroy et al., 2005), steroid hormone production (Parr and Cumming, 1982;
Nolan et al., 1998a), and embryo development (Kowsar et al., 2018). The dam’s nutrition
after breeding is also important in order to provide proper uterine secretions to the
developing embryo (Ashworth, 1992). Differences in uterine secretions can be observed
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between cyclic and pregnant ewes (Gao et al., 2009b), thus demonstrating how the
hisotroph responds to embryo presence. The objective of this study was to evaluate the
impact of nutritional change after AI on uterine mineral concentrations, plasma
progesterone, NEFA, glucose, total protein, and cholesterol concentrations.

MATERIALS AND METHODS

All procedures were approved by the USDA-ARS Fort Keogh Agriculture Research
Station Institutional Animal Care and Use Committee.

Experimental design
Fifty crossbred heifers at USDA-ARS, Fort Keogh Livestock and Range Research
Laboratory in Miles City, MT, were individually weighed for initial body weights (336.8
± 3.2 kg) on d -3. All heifers were provided the same pre-breeding diet. At time of
artificial insemination (AI) half of the heifers were randomly assigned to a restricted
energy diet (Low; n = 25; 77.5% of maintenance energy) post-AI and half of heifers (n =
25) continued on a high energy diet (High; 161.5% of maintenance energy). Diets were
formulated to the desired percentages of maintenance energy using the Beef Cattle
Nutrient Requirements Model (National Academies of Sciences and Medicine, 2016).
Both diets consisted of a total mixed ration of grass hay, straw, and corn silage and
desired NEm was achieved by limiting intake. Heifers on the Low treatment were
allocated 5.5 kg/hd/d and the heifers on the High treatment were offered 11.6 kg/hd/d.
Heifers remained on their dietary treatments for 14 days post-AI until uteri were flushed.
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Estrus Synchronization and Estrus Detection
Heifer estrous cycles were synchronized using the PG 6-day CIDR protocol and
artificially inseminated following detection of estrus; however heifers that did not exhibit
standing estrus were then induced to ovulate using gonadotropin hormone (GnRH) at
time of AI. The PG 6-day CIDR included administration of a luteolytic dose of PGF2α
(Lutalyse, 25 mg as 5 mL i.m.; Zoetis, Inc., Kalamazoo, MI) on d -12. On d -9, CIDRs
(Zoetis, Inc., Kalamazoo, MI) were inserted intravaginally and GnRH (Factrel, 100 µg as
2 mL i.m.; Zoetis, Inc., Kalamazoo, MI) was administered. On d -3, CIDRs were
removed and a second dose of PGF2α (Lutalyse, 25 mg as 5 mL i.m.) was administered.
Heifers were observed for estrus three times daily from d -3 to 0 with the aid of EstroTect
patches (Western Point, Inc., Apple Valley, MN) which were applied to the tailhead on d
-3. Heifers observed in standing estrus (or with ≥ 50% activated patches) were artificially
inseminated approximately 8 to 12 hours after first observation of estrus. Heifers that did
not exhibit estrus by 72 hours post CIDR removal received GnRH (Factrel, 200 µg 2 mL
i.m.) and were inseminated. All heifers were bred to one of two bulls by a single
technician. Bulls were evenly distributed among treatments.

Blood sampling
Blood was collected from all heifers by jugular or tail venipuncture into 10 mL
Vacutainer tubes with EDTA (Fischer Scientific, Pittsburgh, PA). Blood was collected on
days -3, 0 (AI), 3, 6, 9, 12, and 14. Blood collected on d -3 and d 0 is considered pre-AI
for metabolite (glucose, NEFA, protein, and cholesterol) analyses. All blood samples
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were kept on ice after collection, until blood was centrifuged (3,000 x g for 30 min at 4
°C) for the collection of plasma and stored at -20 °C until further analyses were
performed.

Ultrasonography
Transrectal ultrasound was conducted at the time of CIDR removal (d -3),
artificial insemination (d 0), and the day of uterine flush (d 14) using an Aloka 3500V
with a 7.5-MHz probe (Aloka, Wallingford, CT). The size, presence, and number of
dominant follicles and corpa lutea (CL) were recorded at each time point.

Embryo Collection
On d 14, heifers’ uteri were flushed for embryo recovery. Seven heifers were not
successfully flushed and were removed from further analyses (6 High and 1 Low).
Uterine flush was performed using a nonsurgical transcervical uterine catherization and
was conducted by two trained technicians. Catheters were placed in the uterine horn
ipsilateral to the CL and initially flushed with 20 mL of ABT Complete Flush (ABT 360,
Pullman, WA). The initial 20 mL of flush media was searched for embryo recovery and
then used for mineral analyses. Each heifer was then flushed with an additional 60 to 100
mL of flush media (multiple 20 mL flushes) to help improve embryo recovery rates.
Recovered embryos (n = 17) were washed three times in ABT holding media (ABT 360,
Pullman, WA) and kept at 26 °C in ABT holding media (ABT 360, Pullman, WA) until
being measured and photographed, however embryo results are not included in Chapter 3.
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Plasma Analysis
Plasma glucose concentrations were measured in duplicate using the Glucose
Liquicolor Kit (Stanbio Laboratory, Boerne, TX) with the assay sensitivity being 0.0083
mg/dL. Inter and intra-assay coefficients of variation were 28.59% and 1.86%,
respectively. Kit materials were brought to room temperature. Then 1 mL of glucose
reagent was pipetted into 12 x 75 glass tubes and incubated at 37 °C for 5 min. After
incubating, the standard curve (0, 100, 200, 300, and 400%) was created by pipetting 0, 5,
10, 15, and 20 µL glucose standard into the appropriate reagent tubes. Each sample (5
µL) was then pipetted into its respective tube. All tubes were vortexed and incubated for
5 min at 37 °C. Next, 300 µL of the tube contents were transferred into a 96-well
microtiter plate, and absorbance was measured using the SpectraMax Plus 384 microtiter
plate reader (Molecular Devices, Sunnyvale, CA) at 500 nm.
Concentrations of NEFA were measured in duplicate with an enzymatic
colorimetric assay kit (NEFA-C Wako Chemicals, Richmond, VA) with the assay
sensitivity being 0.0081 mEq/L. Inter and intra-assay coefficients of variation were
7.16% and 5.57%, respectively. A NEFA standard curve (0, 0.50, 1.00, and 1.97 mEq/L)
was created and included on each plate by serial dilution using Milli-Q water and
standard provided in the NEFA-C kit. Color reagents A and B were prepared as listed in
the manufacture instructions. In 96-well microtiter plates, 5 µL of sample or 5 µL of
standard were added to the appropriate wells. Plates were then incubated with 200 µL of
Color Reagent A at 37 °C for 5 min. Color Reagent B was then added, and plates were
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incubated for 5 min at 37 °C. Absorbance (550 nm) was measured on a SpectraMax Plus
384 microtiter plate reader (Molecular Devices, Sunnyvale, CA).
Plasma samples were measured for cholesterol concentrations in duplicate using
an enzymatic colorimetric assay kit (Cholesterol Reagent Set Pointe Scientific, Canton,
MI) with the assay sensitivity being 0.0023mg/dL. The inter and intra-assay coefficients
of variation were 17.71% and 8.14%, respectively. One mL of cholesterol reagent was
pipetted into each well of a 48-well microtiter plate and incubated for 5 min at 37 °C. A
standard curve (0, 50, 100, and 150 mg/dL) was generated on every third microtiter plate
with distilled water and cholesterol standard provided in the cholesterol reagent set kit,
and 10 µL of each standard concentration was pipetted into the first row of wells in
duplicate. Samples (10 µL) were pipetted to the appropriate wells. Plates were vortexed
and heated to reduce bubbles. Plates were then incubated at 37 °C for 5 min. After
incubation plates were read on a Cary 50 (Varian Inc., Walnut Creek, CA) micro-plate
spectrophotometer and absorbance was measured at 500 nm.
Plasma samples were measured for protein concentrations in duplicate using the
Braford protein colorimetric assay. Inter and intra-assay coefficients of variation were
15.99% and 5.30%, respectively and with the assay sensitivity being 0.0086 µg/mL. The
standard curve (0, 25, 125, 250, 500, 750, 1,000, 1,500, and 2,000 µg/mL) was generated
with serial dilutions using Easy Buffer B (Technologies USA, Maple Grove, MN) and
bovine serum albumin from a Micro BCA Protein Assay Kit (Thermo Scientific,
Rockford, IL). Plasma samples were diluted 1:120 using Easy Buffer B. Then 10 µL of
the diluted sample was pipetted into a 96-well microtiter plate. Next, 10 µL of the
standard curve was pipetted into the plate and 300 µL of Coomassie Plus Reagent
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(Thermo Scientific, Rockford, IL) was added to each well. Plates were shaken for 30 s,
incubated at room temperature for 10 min, and then read on a SpectraMax Plus 384
microplate reader at 595 nm.
Plasma progesterone concentrations (d 0 through d 14) were analyzed by
radioimmunoassay (RIA) according to methods described by Engel et al., (2008). Inter
and intra- assay CVs for the progesterone assays were 6.44% and 6.60%, respectively.

Uterine Flush Analysis
Flush media was recovered from the initial flush of 20 mL and stored at -20 °C
until analyses were completed. A 2 mL aliquot of retrieved flush media from each heifer
and an aliquot of flush media was sent to Michigan State University Veterinary
Diagnostic Laboratory for analysis of Mg, P, S, K, Ca, Cu, Zn, Se, Mn, Co, B, Cr, and Fe
by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) according to the method of
Wahlen et al., (2005). Mineral concentrations from the initial flush media were subtracted
from uterine flush mineral concentrations of each individual heifer to find corrected
uterine flush mineral concentration.

Feed Analysis
Dietary samples were collected prior to trial starting. Projected maintenance
energy levels were determined based on a quantity estimate of feed offered to each heifer
in the bunk. High diets were projected to offer heifers 140% of maintenance energy and
Low diets were projected to offer heifers 75% of maintenance energy. Dietary treatments
were sampled twice after assignment. Feed samples were analyzed by wet chemistry at
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Dairyland Laboratories, Inc. (Arcadia, WI) for crude protein, AD-ICP % of crude protein,
ADF, aNDF, aNDFom, lignin, fat, and ash. Feed analysis, Ca, P, Mg, K, S, Na, Cl, Zn,
Fe, Mn, Cu, B, Al, NEg, and NEm are found in Table 3.1. Percentage of NEm were
determined based on the quantity of feed each heifer was offered in the bunk. Using the
National Cattle Requirements (NRC, 2016) the quantity of feed offered and the nutrient
analysis was inputted, and percentage of NEm was calculated.

Statistical Analysis
Heifer weights and follicle size were analyzed using MIXED procedure of SAS.
Estrus expression was evaluated using the GLIMMIX procedure in SAS. Plasma
concentrations of NEFAs, glucose, protein, cholesterol, and progesterone were analyzed
by analysis of repeated measures using the MIXED procedures of SAS, with the
indicated best fit model (Heterogeneous Compound Symmetry: NEFA, Compound
Symmetry: Glucose, Compound Symmetry: Protein, Heterogeneous Compound
Symmetry: Cholesterol, Heterogeneous Autoregressive: Progesterone) as the covariance
structure. Dietary treatment, time, and all interactions were included as independent
variables in the model. Dietary treatment, embryo recovery, and their interaction on
mineral concentrations were evaluated using the MIXED procedure in SAS. Statistical
significance was considered at P ≤ 0.05 and a tendency when 0.05 < P ≤ 0.10.
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RESULTS

Heifer Body Weight and Gain
Heifer body weights did not differ at the start of the trial (P = 0.42, Figure 3.1).
Heifers had similar weights prior to their assigned to the Low diet had a starting weight
(d -3) of 339.1 ± 4.32 kg and heifers assigned to the High diet had a starting weight of
333.8 ± 4.85 kg. Dietary treatments did influence heifer body weights on d 12, Low
heifers lost weight (-19.34 ± 1.9 kg; 320.8 ± 4.72 kg) compared to High heifers (7.26 ±
2.10 kg; 341.10 ± 5.19 kg; P < 0.01; Figure 3.1) that gained weight.

Estrus Expression and Follicle Size
Estrus expression did not differ between treatments (P = 0.68). Furthermore, there
was no difference in follicle size at time of AI between heifers assigned to Low (12.34 ±
0.38 mm) and High (12.91 ± 0.43 mm) treatments (P = 0.32, Figure 3.2).

Glucose
Plasma glucose concentrations varied over time (P < 0.0001, Figure 3.3), with
concentrations decreasing from Pre-AI (d -3 and d 0; 92.43 ± 3.90 mg/dL) to d 14 (77.63
± 3.90 mg/dL). Diet treatment (P = 0.64) and diet treatment by time (P = 0.50) did not
influence glucose concentrations. Diet treatment by embryo recovery did not affect
glucose concentrations (P = 0.19). Embryo recovery did not impact glucose
concentrations (P = 0.74) however, glucose concentrations were influenced by embryo
recovery by time interaction (P < 0.02, Figure 3.4). Concentrations of glucose remained
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elevated longer among heifers when an embryo was recovered in comparison to heifers
without an embryo until d 9 (Embryo 67.87 ± 6.40 mg/dL vs No Embryo 81.47 ± 4.44
mg/dL). Diet treatment by embryo recovery by time interaction did not affect glucose
concentrations (P = 0.22).

Non-esterified fatty acids
Plasma concentrations of NEFA were also influenced by time (P < 0.0001, Figure
3.5). Pre-AI concentrations (d -3 and 0; 0.31 ± 0.02 mEq/L) were reduced in comparison
to d 3 (0.63 ± 0.05 mEq/L), 6 (0.64 ± 0.08 mEq/L), 9 (0.44 ± 0.06 mEq/L), 12 (0.46 ±
0.07 mEq/L), and 14 (0.65 ± 0.10 mEq/L; P < 0.05). Diet treatment influenced NEFA
concentrations (P < 0.01, Figure 3.6). Low heifers (0.647 ± 0.05 mEq/L) had elevated
NEFA concentrations compared to High heifers (0.401 ± 0.07 mEq/L). Furthermore,
there was a treatment by time interaction (P < 0.01, Figure 3.7). Heifers on the High diet
treatment had relatively consistent NEFA concentrations, but Low heifers had an increase
in NEFA concentrations through d 6 (0.95 ± 0.09 mEq/L) then decreased on d 9 (0.52 ±
0.08 mEq/L) and then increased again on d 14 (0.92 ± 0.12 mEq/L). Treatment by
embryo recovery (P = 0.90), embryo recovery (P = 0.48), embryo recovery by time (P =
0.60), and treatment by embryo recovery by time (P = 0.56) did not influence NEFA
concentrations.

Cholesterol
Plasma cholesterol concentrations tended to be influenced by time (P = 0.06,
Figure 3.8), with the greatest cholesterol concentrations being found on d 9 (103.04 ±
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2.98 mg/dL) and d 12 (96.40 ± 3.74 mg/dL) . Diet treatment did not impact cholesterol
concentrations (P = 0.25) however, cholesterol concentrations were influenced by a diet
treatment by time interaction (P < 0.01, Figure 3.9). Concentrations of cholesterol
decreased from Pre-AI (98.73 ± 3.78 mg/dL) to d 6 (84.30 ± 5.41 mg/dL) and then
increased again among High heifers, but concentrations remained relatively constant
among Low heifers. Diet treatment by embryo recovery (P = 0.81), embryo recovery (P =
0.20), embryo recovery by time (P = 0.30), and diet treatment by embryo recovery by
time (P = 0.93) did not affect cholesterol concentrations.

Protein
Plasma protein concentrations were not influenced by time (P = 0.28) or diet
treatment (P = 0.99), however, diet treatment by time interaction tended to impact protein
concentrations (P < 0.07, Figure 3.10), however High and Low had relatively consistent
concentrations of proteins and no trend was observed. Diet treatment by embryo recovery
(P = 0.50), embryo recovery (P = 0.14), embryo recovery by time (P < 0.15), and diet
treatment by embryo recovery by time interaction (P = 0.55) did not affect protein
concentrations.

Progesterone
Progesterone concentrations were influenced by time (P < 0.0001, Figure 3.11),
with concentrations increasing after AI. Dietary treatment (P = 0.80) and diet treatment
by time (P = 0.56) did not impact P4 concentrations. Diet treatment by embryo recovery
(P = 0.22), embryo recovery (P = 0.99), and embryo recovery by time (P = 0.17) did not
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affect P4 concentrations. There tended to be a treatment by embryo recovery by time
interaction on P4 concentrations (P < 0.06, Figure 3.12). Concentrations of P4 were the
lowest on d 0 (High Embryo 0.99 ± 0.60 ng/mL, High No Embryo 1.04 ± 0.31 ng/mL,
Low Embryo 1.91 ± 0.33 ng/mL, Low No Embryo 1.09 ± 0.36 ng/mL) and d 3 (High
Embryo 1.36 ± 0.49 ng/mL, High No Embryo 1.20 ± 0.25 ng/mL, Low Embryo 1.71 ±
0.27 ng/mL, Low No Embryo 1.18 ± 0.30 ng/mL) and then increased over time and
peaked on d 12 except for High with an embryo recovered (7.93 ± 2.44 ng/mL).

Uterine Mineral concentrations
Uterine mineral concentrations were influenced when an embryo was recovered,
with Mg (P = 0.02; Figure 3.13A) and S being reduced (P = 0.01, Figure 3.13A) and Ca
tending to be reduced (P = 0.08, Figure 3.13A) among heifers that had an embryo
recovered. However, Mn uterine concentrations tended to increase when an embryo was
recovered (P = 0.06, Figure 3.13B). Phosphorus, K, Cu, Zn, Se, Mn, Co, B, and Cr were
not influenced by recovery of an embryo (Table 3.2, P ≥ 0.11). Treatment tended to
impact Fe concentrations (P = 0.09, Figure 3.14) with Low heifers having reduced uterine
Fe concentrations compared to High heifers, but no other minerals (Mg, P, S, K, Ca, Cu,
Zn, Se, Mn, Co, B, and Cr) were influenced by treatment (Table 3.3, P ≥ 0.25). There
was no treatment by embryo interaction on uterine mineral concentrations (P ≥ 0.27,
Table 3.4).
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Table 3.1: Nutrient analysis (DM basis) from the High and Low diet treatments after AI.
Item

Low1

High2

Dry matter, %

67.58

67.63

Crude protein, % DM

9.26

9.23

ADF3, % DM

40.94

41.84

aNDFom4, % DM

59.10

58.20

Lignin, % DM

8.52

8.63

Ether Extract, % DM

1.69

1.73

Ash, % DM

8.54

9.0

NEm5, Mcal/kg

0.25

0.245

NEg6, Mcal/kg

0.13

0.13

------------------------ ppm --------------------------

1

Ca

0.47

0.52

P

0.19

0.19

Mg

0.18

0.20

K

1.83

1.74

S

0.13

0.13

Na

0.07

0.07

Cl

0.29

0.28

Zn

34.0

44.50

Fe

644.5

736.0

Mn

46.0

54.50

Cu

7.50

9.50

B

14.0

13.5

Al

948.5

1097.0

Low = 77.5% of maintenance energy
High = 161.5% of maintenance energy
3
Acid detergent fiber.
4
Amylase and sodium sulfite-treated neutral detergent fiber correct for ash content.
5
Net energy for maintenance.
6
Net energy for gain.
2
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Table 3.2: Influence of embryo recovery on d 14 mineral histotroph concentrations.1
Mineral

No Embryo

Embryo

SEM2

P-value

ppm
P

10.25

8.64

1.01

0.37

K

112.72

102.46

5.178

0.11

0.00115

0.61

B

0.0106

0.0099

Cr

0.00054

0.00053

0.00052

0.98

Co

0.00035

0.00023

0.000162

0.55

Cu

0.01392

0.01422

0.00119

0.89

Fe

0.811

0.749

0.1368

0.70

Se

0.00093

0.00089

0.00028

0.91

0.06577

0.01015

0.51

Zn
1

0.07407

Mineral concentrations were measured from uterine flushes collected on d 14. These
values represent the diluted concentrations.
2
SEM = standard error of the means
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Table 3.3: Influence of diet treatment1 on d 14 mineral histotroph concentrations.2
Mineral

High

Low

SEM3

P-value

ppm

1

Ca

5.078

5.370

0.8856

0.79

Mg

13.649

14.593

1.0269

0.46

P

9.117

9.783

1.4396

0.71

K

103.91

111.28

5.0964

0.25

S

97.39

105.68

5.96

0.27

0.0012

0.99

0.000514

0.99

0.000328

0.000159

0.72

B

0.0103

0.0103

Cr

0.000543

0.000539

Co

0.000258

Cu

0.01446

0.01368

0.001687

0.71

Mn

0.002453

0.002061

0.000561

0.57

Se

0.0009

0.000924

0.000281

0.95

Zn

0.06607

0.07376

0.009989

0.54

Diet treatments were fed for 14 days (High diet = 161.5% of maintenance energy and
Low diet = 77.5% of maintenance energy).
2
Mineral concentrations were measured from uterine flushes collected on d 14. These
values represent the diluted concentrations.
3
SEM = standard error of the means

Table 3.4: Influence of diet treatment1 by embryo recovery d 14 mineral histotroph concentrations.2
Mineral

High-

High-

Low-

Low-

No Embryo

Embryo

No Embryo

Embryo

SEM3

P-value

ppm
Ca

5.77

4.39

6.648

4.092

1.574

0.60

Mg

15.536

11.763

15.857

13.328

1.825

0.63

9.810

8.424

10.70

8.87

2.56

0.90

P
K

111.94

95.87

113.50

109.05

9.06

0.36

S

107.46

87.34

114.37

96.98

10.59

0.85

B

0.0098

0.0107

0.0114

0.0091

0.002

0.27

Cr

0.000787

0.0003

0.000309

0.000769

0.0009

0.46

Co

0.00024

0.00028

0.00046

0.00019

0.0003

0.44

Cu

0.01366

0.01525

0.01419

0.01318

0.0029

0.54

Fe

0.8765

0.9736

0.7472

0.5243

0.2392

0.34

Mn

0.00146

0.00345

0.00174

0.00238

0.0009

0.34

Se

0.0009

0.0009

0.00096

0.00088

0.0005

0.91

Zn

0.0722

0.0599

0.0759

0.07161

0.0177

0.75

1

Diet treatments were fed for 14 days (High diet = 161.5% of maintenance energy and Low diet = 77.5% of maintenance energy).
Mineral concentrations were measured from uterine flushes collected on d 14 post-AI. These values represent the diluted
concentrations.
3
SEM = standard error of the means
2
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Figure 3.1: Heifer body weights on d -3 and d 12. Superscripts within the same time point
(ab) indicate a difference between treatment P < 0.05. Dietary treatments were fed for 14
days Post-AI (High diet = 161.5% of maintenance energy and Low diet = 77.5% of
maintenance energy).
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Figure 3.2: Follicle size at time of insemination for High and Low treatment heifers (P =
0.32). Dietary treatments were fed for 14 days Post-AI (High diet = 161.5% of
maintenance energy and Low diet = 77.5% of maintenance energy).
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Figure 3.3: Influence of time on glucose concentrations (P < 0.0001). Blood collected on
d -3 and d 0 is considered Pre-AI. Superscripts (abcd) indicate a difference between time
P < 0.05.
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Figure 3.4: Influence of embryo recovery by time interaction on plasma glucose
concentrations (P < 0.02). Blood collected on d -3 and d 0 is considered Pre-AI.
Superscripts (abcdef) indicate a difference between embryo recovery P < 0.05.
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Figure 3.5: Influence of time on Non-Esterified Fatty Acids (NEFA) concentrations (P <
0.0001). Blood collected on d -3 and d 0 is considered Pre-AI. Superscripts (abcd)
indicate a difference between time P < 0.05.
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Figure 3.6: Influence of diet treatment on plasma Non-Esterified Fatty Acids (NEFA)
concentrations (P < 0.01). Diet treatments were fed for 14 days Post-AI (High diet =
161.5% of maintenance energy and Low diet = 77.5% of maintenance energy).
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Figure 3.7: Influence of diet treatment by time interaction on plasma Non-Esterified Fatty Acids (NEFA) concentrations (P < 0.01).
Blood collected on d -3 and d 0 is considered Pre-AI. Diet treatments were fed for 14 days Post-AI (High diet = 161.5% of
maintenance energy and Low diet = 77.5% of maintenance energy). Superscripts (abcd) indicate a difference between treatment P <
0.05.
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Figure 3.8: Influence of time on cholesterol concentrations (P = 0.06). Blood collected on
d -3 and d 0 are considered Pre-AI. Superscripts (ab) indicate a difference between time P
< 0.05.
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Figure 3.9: Influence of diet treatment by time on plasma cholesterol concentrations (P < 0.01). Blood collected on d -3 and d 0 are
considered Pre-AI. Diet treatments were fed for 14 days Post-AI (High diet = 161.5% of maintenance energy and Low diet = 77.5% of
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Figure 3.10: Influence of diet treatment by time interaction on plasma protein concentrations (P < 0.07). Blood collected on d -3 and d
0 is considered pre-AI. Diet treatments were fed for 14 days Post-AI (High diet = 161.5% of maintenance energy and Low diet =
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Figure 3.11: Influence of time on progesterone concentrations (P < 0.0001). Superscripts
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Figure 3.14: Influence of diet treatment on d 14 uterine flush Fe concentrations (P =
0.09). Mineral analysis was performed on flush media recovered from the initial flush of
20 mL. These values represent the diluted concentrations. Diet treatments were fed for 14
days Post-AI (High diet = 161.5% of maintenance energy and Low diet = 77.5% of
maintenance energy).
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DISCUSSION
Heifers were fed the same diet thus had the same nutrient status prior to AI,
therefore, no differences were expected in estrus expression or follicle size. However, for
the 14 d after AI when NEm levels were different between treatments, heifers fed the low
energy diet lost approximately 19 kg during the 14 days post-AI, while the heifers on the
high energy diet gained approximately 7 kg. Similar weight loss in heifers was reported
by Mackey et al., (2000) among heifers fed 40% of maintenance energy for 14 days (38.5 kg) compared to heifers fed 120% of maintenance energy (-14.2 kg) and 200% of
maintenance energy (7.6 kg). Interestingly, Dunne et al., (1999) reported heifers only lost
a total 0.20 kg of body weight when they were transitioned to 80% maintenance energy
for 14 days after AI compared to heifers fed 200% of maintenance energy (33.7 kg). Our
Low NEm diet was created by offering less feed kg/hd/d than the High diet, thus rumen
fill could account for a portion of the weight loss among the Low heifers.
Glucose concentrations are a good indicator of nutrient supply and we observed
plasma glucose concentrations decreased over the duration of the study but did not differ
between treatments. Richards et al., (1989) reported cows fed restricted diets (to lose 1%
of their body weight until anestrous was achieved) had decreased plasma glucose
concentrations throughout the duration of the trial in comparison to heifers fed 160% of
their maintenance energy. The decrease in circulating glucose may indicate that glucose
was quickly metabolized, and other substrates were being mobilized for energy. The
embryo may also be influencing dam glucose concentrations. In sheep, glucose
concentrations increase in uterine luminal fluid early in gestation (d 10 to 15) and
encoding mRNA (messenger ribonucleic acids) glucose transporters SLC2A1 and
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SLC5A1 were elevated in endometrium of pregnant ewe’s (d 10 to 14 of gestation)
compared to cyclic ewes (Gao et al., 2009a). Glucose transporters are present in the
endometrium and elevated in pregnant ewes to presumably supply glucose to the
developing embryo. Furthermore, embryo expansion and hatching (d 8 to 10 after
fertilization) relies heavily on the pyruvate to 2-oxoglutarate pathway (Rieger et al.,
1992) therefore the possible decline in glucose concentrations on d 9 in this study could
be due to the heifer shuttling glucose to the uterine histotroph to then undergo glycolysis
for embryo expansion and hatching. Another explanation for our observed influence of
embryo recovery on glucose is that Low heifers (potentially may have reduced glucose
precursors from their diet) therefore, plausibly impacting our results since 14/16 heifers
from which an embryo was recovered were Low heifers.
In nutrient restrictions, glucose concentrations are typically reduced, and other
energy substrates are utilized; therefore, it is not surprising that Low heifers had elevated
NEFA concentrations compared to High heifers. Leroy et al., (2005) and Van Hoeck et
al., (2011) reported similar results. Heifers began to undergo lipolysis during nutrient
restrictions to attain necessary energy substrates, therefore circulating NEFAs increased.
As heifers continue to undergo lipolysis, NEFA concentrations fluctuate. Belgian Blue
bulls fed to gain 0.5 kg/d for either 114, 243, or 419 days experienced fluctuations in
NEFA concentration as our study (Hornick et al., 1998). It is important to note that in our
trial the diet restriction (77.5% of maintenance energy) was only 14 days long and blood
was collected every 3 days while Hornick et al., (1998) restricted for 114, 243, and 419
days with samples collected every 2 weeks. Hornick et al., (1998) reported that bulls fed
to gain 0.5 kg/d for 419 days had elevated plasma NEFA concentrations in the beginning
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of the trial (d 50) then NEFA concentrations began to plateau approximately 150 days
into the trial, surprisingly NEFA concentrations began to rise again around d 300 of the
trial. It is plausible that the trend observed in our study and Hornick et al., (1998) could
be due to the cattle utilizing easily accessed adipose tissue and then transitioning to other
adipose tissue that is not as easily accessed.
As Low heifers continued to undergo lipolysis circulating NEFA concentrations
increased, however during lipolysis cholesterol was also released. The majority of
cholesterol is synthesized in adipose tissue (Liepa et al., 1978), therefore as heifers
undergo lipolysis more cholesterol will be released and circulating. Walsh et al., (2012)
reported heifers fed a 120% of maintenance energy diet tended to have elevated
cholesterol concentrations in comparison to heifers fed an 86% of maintenance energy
diet; however, we only observed a difference in cholesterol concentrations between High
(161.5% of maintenance energy) and Low (77. 5% of maintenance energy) on d 6.
When the heifer can no longer undergo lipolysis and has utilized all the NEFAs
and cholesterol from their adipose tissue, they will begin muscle catabolism. During
nutrient deficiency, heifers can catabolize muscle protein to provide themselves with an
alternative energy substrates (Tamminga et al., 1997) and we did observe total protein
concentrations influenced by diet treatment by time interaction; however, we believe
protein catabolism was not occurring due to the short length (14 d) of nutrient restriction.
The decrease in Mg and S, and the tendency of Ca decreasing in the uterine
histotroph could be due to embryos utilizing these minerals for early growth and
development. Widdowson et al., (1974) reported that if mineral transfer is poor from the
dam, metabolism abnormalities and impaired growth can occur in the fetus, thus minerals
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are crucial for embryo and fetal development. It is plausible that Mg is involved in the
embryo’s DNA and RNA synthesis due to Mg binding to phosphate groups on the
ribonucleotide chains (Suttle, 2010). Bonilla et al., (2010) reported that methionine
increased the percent of oocytes developing to blastocyst stage compared to oocytes
cultured in the absence of methionine, therefore S may be utilized for methionine
production in order to provide proper energy substrates for the embryo (Suttle, 2010).
Furthermore, it is plausible that Ca found in the uterine hisotroph is being utilized for
skeletal development, muscle function, and cell membranes (Hovdenak and Haram,
2012) by the developing embryo. Interestingly, uterine Mn concentrations increased
when an embryo was recovered it is plausible that embryo is utilizing Mn due to Mn’s
role in glucose metabolism (Suttle, 2010). Lonergan and Forde, (2014) reported that
glucose is the main energy substrate for embryos (d 3 to 6), therefore Mn’s role in
glucose metabolism may be crucial for embryo development. Also, Mn can be utilized by
embryos for skeletal development; heifers fed a Mn deficient diet (0 mg of supplemental
Mn/kg of DM) during gestation had calves that were weak, unsteady, and classified as
disproportionately dwarfs (Hansen et al., 2006). Manganese can also be being utilized by
the embryo due to Mn promoting cell differentiation (Clair et al., 1994) which is a
necessary process for embryonic growth and development.
In conclusion, changing maternal nutrition after AI impacted circulating NEFA
and cholesterol concentrations, however circulating glucose and protein were not
impacted by diet change. It is plausible that Low heifers were undergoing lipolysis,
however, the diet restriction was not severe and long enough for Low heifers to begin
muscle catabolism. Furthermore, our data provides some indication that potentially the
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embryo is utilizing minerals for early growth and development, due to crucial roles in
DNA and RNA synthesis, bone development, and nutrient metabolism. Diet treatment
tended to influence mineral histotroph concentrations, with the low diet having decreased
mineral concentrations. It is plausible that the difference between the High or Low diet is
due to different intake of the diet treatments.
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APPENDIX
Relationship with plasma progesterone concentrations, plasma cholesterol concentrations,
and corpus luteum volume for Year 1.1,2
Item

Progesterone,
ng/mL

Cholesterol,
mg/dL
-0.088

Corpus Luteum
Volume, mm3
0.349
-0.078

Progesterone, ng/mL
Cholesterol, mg/dL
0.13
Corpus Luteum Volume, mm3
0.004
0.53
1
Correlation values are above the diagonal line and the P-values are below the diagonal
line.
2
Data analyzed came from Chapter 2.

There was a correlation between plasma progesterone concentrations and corpus luteum
volume (CLV; P = 0.004), however there was no correlation between plasma
progesterone concentrations and plasma cholesterol concentrations (P = 0.13) and plasma
cholesterol concentrations and CLV (P = 0.53).
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Relationship between plasma progesterone (P4) concentrations and corpus luteum volume
(CLV) for Year 1. 1
Fit Plot for p4
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Data analyzed came from Chapter 2.

There was a correlation between plasma progesterone concentrations and CLV for Year 1
(P = 0.004).
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Relationship with plasma progesterone concentrations, plasma cholesterol concentrations,
and corpus luteum volume for Year 2.1,2
Item

Progesterone,
ng/mL

Cholesterol,
mg/dL
0.022

Corpus Luteum
Volume, mm3
0.177
0.028

Progesterone, ng/mL
Cholesterol, mg/dL
0.74
3
Corpus Luteum Volume, mm
0.28
0.87
1
Data analyzed came from Chapter 3.
2
Correlation values are above the diagonal line and the P-values are below the diagonal
line.
There was no correlation between plasma progesterone concentrations and CLV (P =
0.28), plasma progesterone concentrations and plasma cholesterol concentrations (P =
0.74), and plasma cholesterol concentrations and CLV (P = 0.87).

